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1. ABSTRACT
In the human genome, cytosine is exclusively methylated at CpG sequences to give 
5-methylcytosine. The C4-amino group o f 5-methylcytosine is susceptible to 
spontaneous hydrolysis, generating thymine in a G T mismatch. Thymine DNA 
glycosylase (TDG) detects the mismatch and cleaves the glycosidic bond o f  
thymine. Then apyrimidinic/apurinic endonuclease 1 (APEX1) displaces TDG from 
the abasic site and cuts the phosphodiester bond 5' to the abasic site in base excision 
repair. The kinetic parameters, K<] and k2 , for TDG acting on thymine and 
ethenocytosine substrates, were measured. The excision o f both substrates was very 
dependent upon the base 5' to the mismatched guanine. TDG has a strong preference 
for both thymine and ethenocytosine in a CpG sequence. This is understandable for 
thymine since G T mismatches arise in this context. However, ethenocytosine is not 
exclusively formed at CpG sequences. The catalytic step (k2) for CpG-T was six-fold 
faster than CpG-eC, but was bound, as shown by Kd, approximately 800-fold less 
tightly by TDG. This large difference in K<j is probably due to the unstable structure 
o f G sC, which allows TDG to easily flip ethenocytosine out o f  the DNA. Thus, the 
reaction o f  TDG with ethenocytosine in vitro is misleading. This, together with the 
sequence dependence o f ethenocytosine excision by TDG, means that TDG cannot 
be the main ethenocytosine-DNA glycosylase in vivo. The mechanism o f TDG 
displacement by APEX1 was examined by looking at the involvement o f the DNA 
and by looking for protein-protein interactions between TDG and APEX1. Although 
the DNA is not absolutely required for the displacement o f  TDG by APEX1, a 
weak/transient protein-protein interaction was detected between TDG and APEX1 
using a pull-down assay. These results suggest that APEX1 transiently interacts with 
TDG bound to abasic DNA to induce a conformational change in TDG that 
dissociates it from the abasic site.
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2. INTRODUCTION
2.1. DNA structure
Deoxyribonucleic acid (DNA) is the genetic material that decides what proteins 
are, what cells are, what organs are, what we are, and how we are. DNA consists 
o f four kinds o f nucleotides that each contain a p-o-2-deoxyribose, one or more 
phosphate group, and one o f four bases; adenine (A), guanine (G), thymine (T), 
and cytosine (C) (see Figure 1). Each nucleotide is linked to the next by a 
phosphodiester bridge, forming a long chain.
n h 2 o
I
c 6 v  'c6 F 
'■5C " \  H— u f
II 8C— H I II aC— H
NH2 C2--3N^ C' 9N
N I IH H
Adenine (A) Guanine (G)
Purine
O NH;
,c.
H— N3  5 C— CH3  N3^  5 C— H
1 II l 11
0 = c i  J c — H 0 = C 2V J c —H
1N 1N
I I
H H
Thymine (T) Cytosine (C)
Pyrimidine
Figure 1 Schematic structure of the four bases in DNA
The bases are derivatives of purine or pyrimidine. Adenine (A) and guanine (G) are purines, 
and thymine (T) and cytosine (C) are pyrimidines. N-9 of a purine and N-l of a pyrimidine 
are attached to C-l of deoxyribose (see Figure 2).
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In 1953, James Watson and Francis Crick (Watson and Crick, 1953) derived the 
structure o f double helix DNA from an x-ray diffraction photograph, which 
depicted that two helical chains are coiled around a common axis in opposite 
directions. In the helix, adenine pairs with thymine and guanine pairs with 
cytosine, forming hydrogen bonds between them to hold the two chains together 
(see Figure 2 and Figure 3).
5' end
I
I
I
O p = o
o
H3c  o ..........H-------N I,
v  / /  V  / V  /  o.
3' end
I
IO
H2C '5
/  S '  4° \  /  % tC
/  H—cf T N—H--Nf A \\ . / H
/  \  , \  /  \  L IH
N1— 2C / c2^ n %H
N H- -O
O P = 0
5' CH2
O P^=0\  Nr / H ------ ^
% /  I
o H-C C /  -H—  G \ W  H  I H
IH^[ 0 - - - H  N  I
I I H 5’ CH2
H  I I H  I
o— p = o
end
O  P = 0
end
Figure 2 Schematic structure of complementary base pairing in antiparallel double-stranded
DNA
The phosphodiester bond is formed between the C-5’ OH groups on a deoxyribose molecule 
and the C-3’ OH group of the adjacent deoxyribose. The C-l of the deoxyribose ring is 
linked to a purine or pyrimidine base. The blue dotted lines indicate the hydrogen bonds 
between the complementary bases.
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Minor groove Major groove
«■ » « '     ■
f  • * *  « •  . a  i  ^
s ^ ' i y t - ' s u v
, V  '  '  - # ♦  >  *
' -  .
Figure 3 Model of DNA double helix
The sugar-phosphate backbone is shown in green. The purine and pyrimidine bases (pink) 
are on the inside of the helix. The common DNA structure found in solution and in vivo has a 
m ajor groove and a minor groove, as indicated in the figure.
The mammalian genome contains 3.3 x 10y base pair (bp) o f DNA, encoding 
approximately 40,000 genes. If the average coding sequence is estimated to be 
1500 nucleotides (i.e. 500 amino acids), only 6 % o f the genome is accounted for 
in coding for genes. Although, the level o f gene expression is greatly varied 
dependent upon type o f  tissues, approximately 80-90 % o f the mammalian 
genome may not be expressed at any given time. By contrast, the entire bacterial 
genome (4.2 x 106 bp) is used for genes and their regulatory elements (Devlin, 
1992).
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The genome constantly suffers many kinds o f mutations that result from normal 
cellular events or environmental effects. One major spontaneous mutation in 
DNA is deamination o f 5-methylcytosine, resulting in the replacement o f C by T. 
Thus, the sites containing 5-methylcytosine are called hotspots since they may 
display 10 ~  100 times more mutations than predicted by random mutation 
(Lewin, 1997).
In vertebrates, ~4 % o f  cytosine residues in DNA bases are modified to 5-
methylcytosine by DNA methyltransferases that transfer a methyl group from the
methyl donor S-adenosyl-L-methionine (Ehrlich et al., 1982). Virtually all o f  the
5-methylcytosine is found in a CpG sequence context (Ehrlich et al., 1982; Razin
and Riggs, 1980). At 37 °C, 5-methylcytosine spontaneously deaminates to
thymine at a 4-5 fold higher rate than the deamination o f cytosine to uracil
(Ehrlich et al., 1986; Lindahl, 1993). This causes a C to T transition mutation if  it
is not repaired, and this transition is the most prominent type o f mutation found in
the p53 tumour suppressor gene (Hainaut et al., 1997). However, some CpGs
found in stretches o f a few kilobases that account for up to 2 % o f the genome
(Cross and Bird, 1995), are not methylated. These unmethylated regions are
called CpG islands and are found downstream o f promoters in -5 0  % o f human
genes (Ng and Bird, 1999). Methylation o f DNA occurs shortly after replication
during S-phase, and the pattern o f methylation is tissue-specific (Razin et a l.,
1984). The function o f  methylation in the genome is not clear, however, there is a
correlation between methylation o f CpG islands and silencing o f the associated
gene. Transcriptional repression is thought to happen through structural change o f
chromatin that may correlate to levels o f histone acetylation (Bestor, 1998). In the
hypothesis, methyl-CpG-binding protein 2 binds methylated DNA (Lewis et al.,
20
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1992), and recruits co-repressors and a histone deacetylase to the site. 
Deacetylation o f histones may induce tighter nucleosomal structure, and lead to 
reduced levels o f transcription (Balylin and Herman, 2000; Bestor, 1998; Jones 
and Laird, 1999). Hypermethylation o f CpG islands in the promoter o f genes, 
such as hMLHl (a DNA mismatch repair protein), BRCA1 (a gene related to 
familial breast and ovarian cancers), p i6, and p i5, are reported to be associated 
with inactivation o f these genes in the tumour cells (Balylin and Herman, 2000).
2.2. DNA damage
Our genetic material is constantly challenged by endogenous and exogenous 
agents. Depending upon the nature o f attack, a variety o f modifications are 
induced on DNA, and different types o f repair system have been developed 
through evolution to deal with different types o f DNA damage.
2.2.1. Endogenous damage
The major endogenous damaging events are spontaneous hydrolysis, oxidative 
modification by reactive oxygen species, and alkylation o f DNA.
21
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i) Hydrolysis
The glycosidic bond o f purine is liable to hydrolysis, forming an abasic site and is 
estimated to occur approximately 10,000 times per human cell per day 
(Nakamura et al., 1998). The bases that contain exocyclic amino groups are also 
susceptible to spontaneous hydrolytic deamination, causing alteration o f bases; 
cytosine to uracil, adenine to hypoxanthine, guanine to xanthine, and 5- 
methylcytosine to thymine (Figure 4).
Cl
iCH
II
?CH
Cytosine 
M ethylation j
NH,
D eam in a tio n
h n 3
,ch3
sc'
,CH
cl
sCH
II
?CH
Uracil
sc
II
,CH
Figure 4 Products of spontaneous 
deamination of the DNA bases
Deamination changes cytosine to 
uracil, 5-methylcytosine to thymine, 
adenine to hypoxanthine, and 
guanine to xanthine. Deamination of 
5-methylcytosine creates thymine in 
a mispair with guanine.
5-methylcytosine Thymine
X ~®N/
Adenine
O
HN,
/ X -
\
~®N/
Guanine
HN, 5
I II
Hypoxantine
O
I
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If the uracil formed from deamination o f cytosine is not repaired, adenine is 
incorporated opposite it in the next round o f DNA replication, leading to a C to T 
transition mutation. The rate o f hydrolytic deamination o f 5-methylcytosine is 
higher than that o f cytosine (Ehrlich et al., 1990; Lindahl, 1993; Lindahl and 
Nyberg, 1974) and generates thymine mismatched with guanine. Because 5- 
methylcytosine occurs predominantly at CpG sites, these G T mismatches are 
always in a CpG context (see Figure 16). In mammalian cells, 10 % o f the 
hydrolytic deamination may occur at 5-methylcytosine, and 90 % at cytosine. 
However, uracil, the product o f  deamination o f  cytosine, is far more rapidly 
repaired (Lindahl, 1993). Therefore, the combination o f a relatively higher rate o f 
deamination o f 5-meC and less effective repair o f thymine means that C to T 
transitions in CpG sites are a common type o f  mutation. Approximately half o f all 
human tumours have mutations in the p53 tumour suppressor gene (Vogelstein, 
1990). C to T transitions at CpG sites account for a quarter o f all the somatic 
point mutations observed in p53 in human cancer (Greenblatt et al., 1994). In 
colon cancer, transition mutations are dominant over transversion, and the 
majority o f  transition is C to T at CpG sequences in p53 (Jones et a l., 1992).
ii) O xidation
Reactive oxygen species from oxidative processes generate oxidized bases such 
as 8-oxo-7,8-dihydroguanine (8-oxoG), and thymine glycol , and oxidized 
deoxyribose sugar that leads to DNA with 3’-phosphoglycolate and 3’- 
phosphoglycaldehyde (see Figure 6), which causes single- or double-strand DNA 
breaks (Pogozelski and Tullius, 1998).
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The figure was taken from Dizdaroglu (2003).
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If 8-oxoG is not repaired, it mispairs with adenine resulting in a G to A transition, 
while unrepaired thymine glycol blocks transcription (Frosina, 2000). 
Approximately one 8-oxo-G per 105-106 nucleotides is present in mammalian 
cells (McCullough et al., 1999).
iii) Alkylation
The cofactor o f DNA methyltransferases, S-adenosylmethionine, can react with 
DNA to produce, for example, 3-methyladenine that is an obstacle to DNA 
replication (Lindahl, 2000; McCullough et al., 1999; Seeberg et al., 1995). 
Alkylation o f guanine at the 0 -6  position to form 0 6-methylguanine induces a 
mutation via incorporation o f thymine opposite the 0 6-methylguanine in 
successive replication (Figure 7) (Griffin et al., 1994). Alkylation can also occur 
on the N3 or N7 position o f guanine, 3-methylguanine and 7-methylguanine, 
respectively (Figure 7).
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Figure 7 Structures of typical alkylated DNA bases (Krokan et al., 1997; Seeberg et al., 1995)
Products o f endogenous lipid peroxidation and exposure to exogenous vinyl 
chloride are believed to produce the etheno (e) adducts 3,A4-ethenocytosine (eC), 
1 ^ -ethenoguanine, N 2,3-ethenoguanine, and 1 ,A^-ethenoadenine (sA) (Figure 
8).
1 ,N6-ethenoadenine 3,N4-ethenocytosine I,N2-ethenoguanine N2,3-ethenoguanine
Figure 8  Structures of etheno adducts; 1 ^ -ethenoadenine, S^-ethenocytosine, l^V2- 
ethenoguanine, and /V2 ,3-ethenoguanine (Singer and Hang, 1999)
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Lipid peroxidation is induced by oxidative stress caused by circumstances such as 
high intake o f co-6-polyunsaturated fatty acids, metal storage diseases, chronic 
infections and inflammations. Once oxidation o f  polyunsaturated fatty acids 
occurs, it triggers further reactions. The first oxidation creates free radicals that 
react with a second lipid molecule, generating a fatty acid hydroperoxide and a 
new free radical. One o f the metabolites from the lipid peroxidation is trans-4- 
hydroxy-2-nonenal that is believed to be involved in the formation o f eC and eA 
(Chung et al., 1996; Ghissassi et al., 1995; Nair et al., 1999). Nair et al. (1995) 
estimated that eC and eA are present at 0-27 adducts per 109 parent bases in 
human liver (Nair et al., 1995). In replication, mammalian DNA polymerases 
preferentially incorporate A, T, and C opposite to eC (Shibutani et a l., 1996; 
Zhang et al., 1995), and so eC is a mutagenic lesion.
Most o f the DNA adducts formed by endogenous damaging-agents discussed 
above, are repaired by the base excision repair (BER) pathway (see Section
2.3.2.).
2.2.2. Exogenous damage
Typical exogenous agents that damage DNA include toxic compounds found in 
cigarette smoke, and UV radiation from sunlight. UV radiation causes formation 
o f  photoadducts between adjacent pyrimidine residues in DNA. The tobacco 
smoke carcinogen benzo[«]pyrene causes formation o f benzo[a]pyrene diol 
epoxide-guanine (BPDE) adducts in DNA (see Figure 9). The adduct blocks 
DNA replication, but even if  it is bypassed, it induces G to T transversions, and
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these mutations are the most common mutations found in the p53 gene o f  lung 
tumours (Alekseyev and Romano, 2000). It is reported that guanine in the 5' 
methylCpG sequence enhanced reactivity with BPDE (Denissenko et al., 1997; 
Matter et al., 2004). Gaseous vinyl chloride used in the plastic factories is known 
to cause several tumours in humans. It is activated by cytochrome P450 into 
chloroacetaldehyde and chloroethylene oxide that are carcinogenic metabolites. 
As discussed in Section 2.2.1, these compounds induce formation o f eheno 
adducts, which leads to miscoding o f DNA (Marion and Boivin-Angele, 1999) 
(see Figure 8).
Some cancer drugs, such as the cross-linking agent cisplatin, are targeted to form 
adducts that block replication and transcription o f DNA, which then leads the 
cancer cells to apoptosis. In mammals, many o f  these modifications o f DNA are 
repaired by nucleotide excision repair (NER; see Section 2.3.3.). Other 
exogenous agents, like ionising radiation, radiomimetic drugs (such as 
bleomycin) and reactive oxygen species induce double-strand breaks in DNA
o
OH
(+)-trans-N2-BPDE-dG
Figure 9 One of Diastereomeric /V2-BPDE-dG Adducts (Matter et al., 2004)
28
2. INTRODUCTION
(Friedberg et al., 1995). The double-strand breaks are repaired in eukaryotes by 
homologous recombination or nonhomologous end joining (see Section 2.3.6.).
2.3. Repair of DNA damage
2.3.1. Direct reversal of damage
The repair o f modified DNA by direct reversal is limited. In mammals, the 
conversion o f 0 6-methylguanine to guanine is repaired by direct reversal o f the 
damage. 0 6-alkylguanine alkyl transferase irreversibly transfers the methyl group 
ffom the 0 6-methylguanine to a cysteine residue o f  the protein. Another example 
is that AlkB converts N 1-methyladenine and N3-methylcytosine (Begley and 
Samson, 2003).
2.3.2. Base Excision Repair
The DNA damage generated by spontaneous hydrolysis (e.g. depurination), 
deamination (e.g. 5-methylcytosine to thymine mutation), and most endogenous 
factors are corrected by base excision repair (BER). The modified bases are 
initially recognized by different glycosylases dependent upon the nature o f 
damage (see Table 1).
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Table 1 Human base excision repair proteins (Frosina, 2000; Wood et al., 2001)
Proteins in Base Excision Repair Function Substrates
Uracil-DNA glycosylase (UDG) Glycosylase Uracil, 5-Flydroxyuracil, Isodialuric acid, Alloxan
Single strand-selective monofunctional 
Uracil-DNA glycosylase (SMUG1)
Glycosylase Uracil, 5-Hydroxymethyluracil
Methyl-CpG-binding domain protein 4 
(MBD4/MED1)
Glycosylase,
possibly
endonuclease
activity
Uracil, thymine, or ethenocytosine opposite guanine 
at CpG sequence, 5-Fluorouracil, 5-Methylcytosine 
in hemimethylated DNA
Thymine-DNA glycosylase (TDG) Glycosylase Uracil, thymine, or ethenocytosine opposite 
guanine, 5-Fluorouracil, 5-Flydroxymethyluracil
8-Oxoguanine-DNA glycosylase (hOggl) Glycosylase and 
AP lyase
8-oxoG opposite cytosine, Fragmented pyrimidines
Adenine-DNA glycosylase (hMyh) Glycosylase Adenine opposite 8-oxoG
A protein with a sequence similarity to 
E.coli Nth (endonuclease III) (hNthl)
Glycosylase and 
AP lyase
Thymine glycol, cytosine glycol, dihydrouracil, 5- 
hydroxycytosine, Fragmented pyrimidines
3-methyladenine DNA glycosylase / 
Alkylpurine-DNA glycosylase (MPG)
Glycosylase 3-meA, Ethenoadenine, Hypoxanthine
Apurinic/apyrimidinic endonuclease 1 
(APEX1 / HAP1 / Ref-1)
AP endonuclease Cleavage of phosphodiester bond at 5’-side of 
abasic site
Apurinic/apyrimidinic endonuclease 
(APEXL2 / APE2)
AP endonuclease Abasic site
DNA polymerase p (Pol p) DNA polymerase Removal of 5'-terminal 2’-deoxyribose 5’-phosphate 
residue and incorporation of nucleotides
DNA polymerase 5 or e (Pol5 or t) DNA polymerase PCNA-dependent pathway
Flap endonuclease I (DNase IV) 
(FEN 1)
5’-flap
endonuclease
Removal of displaced region during PCNA- 
dependent pathway
Proliferating cell nuclear antigen (PCNA) Forming a sliding 
clamp on DNA
Accessory factor for Pol 6/ e and FEN1
X-ray repair cross-complementing factor-1 
(XRCC1)
Possible scaffold Partner of Pol p, DNA ligase III
DNA ligase I (Lig I) DNA ligase Short and Long patch pathway
DNA ligase III (Lig III) DNA ligase Single nucleotide insertion pathway
For example, thymine that is mismatched with guanine is recognized by thymine 
DNA glycosylase (TDG) and 8-oxo-7,8-dihydroguanine opposite cytosine, is 
recognized by human 8-oxoG DNA glycosylase (hOGGl). There are two types of 
glycosylases, monofunctional glycosylases (e.g. TDG, and uracil DNA 
glycosylase; UDG) and bifunctional glycosylase/AP lyases (e.g. hOGGl, and 
thymine glycol DNA glycosylase-AP lyase; hN thl). The DNA glycosylase 
cleaves the N-glycosydic bond that links the modified base with the sugar-
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phosphate backbone by flipping out the damaged base into a binding pocket. The 
generated apyrimidic/apurinic (AP) sites are further incised on the 5'-side by an 
AP endonuclease (e.g. human apurinic/apyrimidinic endonuclease 1; APEX1) or 
on the 3’-side by an AP lyase. The 5'-terminal 2 ’-deoxyribose 5’-phosphate 
residue is removed and the correct nucleotide is incorporated into the gap by 
polymerase (3 (pol p). With monofunctional glycosylases, the repair can then 
follow two possible DNA synthesis pathways; a short patch (a single nucleotide) 
and a long patch (2-10 nucleotides) synthesises. On the other hand, bifunctional 
glycosylase prefers a single nucleotide replacement. In the short patch pathway, 
DNA is mainly synthesized by pol p, and ligated by DNA ligase I or by DNA 
ligase III in a complex with X-ray repair cross-complementing factor-1 
(XRCC1). In the long patch pathway, a proliferating cell nuclear antigen 
(PCNA)-dependent polymerase 8 /e  and pol p are involved in the synthesis step, 
and the gap in the phosphate backbone is sealed by DNA ligase I (Figure 10) 
(Frosina, 2000; Lindahl, 2000; Seeberg et al., 1995). On the other hand, the 
bifunctional glycosylases follow the short-patch single nucleotide replacement 
pathway. There is no known catalytic function for XRCC1, however, it may play 
a role in the assembly o f a repair complex since XRCC1 interacts with DNA pol 
P (Kubota et al., 1996), and DNA ligase III (Cappelli et al., 1997; Nash et al.,
1997). P oip  also shows interaction with APEX1 (Bennett et al., 1997), and with 
DNA ligase I (Dimitriadis et al., 1998; Prasad et al., 1996).
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Figure 10 Schematic steps of base excision repair in mammals
A glycosylase detects the damaged base and removes it, generating an AP site. In the short 
patch repair of the monofunctional glycosylase pathway, APEX1 binds to the AP site to nick 
the phosphodiester bond, followed by removal of abasic sugar-phosphate residue and 
incorporation of a nucleotide by Pol p. Pol p recruits XRCC1 in complex with Ligase III, or 
DNA ligase 1, to seal the gap. This figure was taken from Frosina (2000).
It is now apparent that each member protein o f this repair system arrives at the 
damaged site when the previous reaction is completed. Therefore, the repair 
proceeds in a “relay” style with the DNA being handed from one enzyme to the 
next (Wilson and Kunkel, 2000). The intermediate at the damaged site is
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protected by each enzyme remaining bound to the product o f its reaction until the 
next repair protein arrives. Thus, interactions o f the member proteins in BER are 
coordinated to protect unstable intermediates. Thus, the AP endonuclease, 
APEX 1 bound to the abasic site recruits a pol p. Pol p then recruits DNA ligase I 
to the gapped site for ligation. However, there is currently a lack o f evidence o f 
an interaction between APEX1 and any o f the DNA glycosylases. It is known that 
APEX1 increases the reaction o f several DNA glycosylases (Hill et al., 2001; 
Vidal et al., 2001; Yang et al., 2001) and this enhancement o f activity is 
particularly strong with TDG where APEX1 actively increases dissociation o f  
TDG from its product (see Section 2.4.2) (Waters et al., 1999). There have been 
some attempts to detect an interaction between TDG and APEX1, but without 
success (Privezentzev et al., 2001; Hardeland et al., 2002). However, this may be 
due to the expected transient nature o f the interaction between APEX1 and TDG. 
Note that this “relay” style o f base excision repair is different from other repair 
pathways such as nucleotide excision repair (Section 2.3.3) and mismatch repair 
(Section 2.3.4) that form a multiprotein complex at the damage sites for repair.
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2.3.3. Nucleotide Excision Repair
Bulky and helix distorting DNA damage, such as pyrimidine dimers caused by 
UV light, are repaired by nucleotide excision repair (Friedberg, 1985) (Figure 
1 1 ).
Defects in nucleotide excision repair are linked to the inherited syndromes 
xeroderma pigmentosum (XP), Cockayne syndrome (CS), and 
trichothiodystrophy (Lehmann, 1995; Wood, 1997). The XP patients are 
separated into seven genetic complementation groups from XP-A to XP-G 
(corresponding to defects in each gene o f the XPA to XPG proteins), and a 
variant type, XP-V. These syndromes give rise to sun-sensitive symptoms, 
leading to UV-induced skin cancers (XP), or severe developmental and 
neurological abnormalities (CS) (Lehmann, 1995; Wood, 1997).
Nucleotide excision repair involves the products o f  around 30 genes. These 
proteins remove the lesion by cutting out a short oligonucleotide (~32 nucleotides 
in eukaryotes). As a minimum model o f mammalian nucleotide excision repair, a 
complex o f XPA, RPA (a single stranded DNA binding protein) and XPC- 
hHR23B detects the lesion. The TFIIH complex containing the DNA helicases 
XPB and XPD is recruited to the lesion to open the DNA helix. A complex o f  
ERCC1-XPF (a structure-specific nuclease) cleaves near the border between 
single-stranded and double-stranded DNA at the 5’-side o f the lesion and the 
DNA endonuclease XPG cleaves at the 3’-side. The gap generated by the incision 
is filled by PCNA-dependent polymerase 5 or 6 holoenzyme. Then, the nick is 
sealed by a DNA ligase (Friedberg, 1996; Lehmann, 1995; Wood, 1997).
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Figure 11 Schematic model of nucleotide excision repair steps
A; damage of DNA, B; recognition of the damage, C; opening of the DNA double helix 
around the damage, D; cleavage of the damage site, E; repair synthesis. This figure was 
taken from Wood (1997).
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2.3.4. Mismatch Repair
Mismatch repair (MMR: Figure 12) is a DNA repair pathway mainly involved in 
correcting errors arising in DNA-replication. Replication errors are either 
mispairs resulting from mis-incorporation o f nucleotides, or the formation o f  
insertion/deletion loops due to slippage between the primer and template strands. 
When a non-complementary nucleotide is incorporated into the primer, 
elongation from the mispair is highly inefficient, allowing the polymerase to 
switch to proofreading 3’-5’ exonuclease activity. However, a mispair, such as a 
G T mismatch often avoids this proofreading process due to its only slight 
distortion o f the double helix (Hunter et al., 1987). Mispairs and 
insertion/deletion loops that manage to avoid the proofreading process are targets 
for MMR. In the first step o f MMR, mismatches and insertion/deletion loops are 
recognized and bound by a heterodimer o f human MutS homologue 2 (hMSH2) 
and hMSH6 in human cells, referred to as hMutSa. The hMutSa bound to single 
mismatches or small insertion/deletion loops undergoes conformational change 
by binding o f ATP to their C-terminal regions. This induces the bi-directional 
translocation o f hMutSa along the double-stranded DNA, generating a loop with 
the dimer at its base. In addition to the abundant hMutSa, there is another 
heterodimer, hMutSp (complex o f hMSH2 with hMSH3) that only detects 
insertion/deletion loops. The human homologue o f E.coli MutL, hMutLa (or 
hMutLp), is a heterodimer o f hMLHl and hPMS2 (or hMLHl/hMLH3) that 
interacts with hMutSa (or hMutSp), enhancing the efficiency o f hMutSa 
binding. Also, hMSH2 and hMLHl are required to assemble the MMR 
repairsome (Gu et al., 1998). In the MMR pathway, correction o f bases is always
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carried out in the daughter strand, which means that the system has to distinguish 
between template and the newly synthesized strands. Although discrimination o f  
the strands by methylation status is used in E.coli, methylation patterns o f  
vertebrates are irregular. For example, the CpG islands (up to several kilobases) 
are not generally methylated. Thus, it is unlikely that the vertebrate replication 
machinery uses methylation status to discriminate the two strands. Co- 
immunoprecipitation o f hMLHl showed an interaction with PCNA in addition to 
an interaction with hPMS2 and hMSH2 (Gu et al., 1998). This evidence 
suggested that PCNA bound to the primer termini at the replication fork might be 
a discrimination signal (Umar et al., 1996) via physical contacts with mismatch 
repair proteins. This interaction could lead to dissociation o f  the replication 
complex, allowing 3’-5’ exonucleases to degrade the daughter strand (which 
contains the error). After dissociation o f the MMR complex, PCNA could recruit 
the replication complex back again to resume DNA synthesis (Jiricny, 1998).
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Figure 12 Schematic model of mismatch repair in E.coli.
(i)A G 'T m ispair produced by an erro r of DNA polymerase, (ii) Recognition of the mismatch 
by MutS (iii) Bi-directional translocation of the mispair by a multi-protein complex, forming 
a loop. MutH (an endonuclease) cleaves the daughter strand, (iv) The daughter strand is 
degraded from the nick to the mismatch site by ExoVIl or RecJ. The single-stranded part is 
covered by single strand-binding protein (Ssb). (v) Polymerase III holoenzyme fills the gap, 
then the nick is sealed by DNA ligase. This figure was taken from Jiricny (1998).
2.3.5. Transcription-coupled repair
It is known that certain DNA damage, such as that induced by UV light or 
oxidation (e.g. thymine glycols), in the transcribed strand o f a gene is repaired 
prior to the non-transcribed strand. This pathway is called transcription-coupled 
repair (TCR). TCR requires gene products defective in Cockayne syndrome. 
However, this strand-specific repair o f transcribed genes is limited to genes 
transcribed by the RNA polymerase II complex. In order to couple nucleotide 
excision repair to TCR, and base excision repair to TCR there must be a common
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factor that recognizes the stalled RNA polymerase II at the damaged site and 
recruits the repair proteins. One key factor may be TFIIH (that comprises 
multiple subunits including XPB and XPD) that is present in the transcription 
complex and repair complex o f nucleotide excision repair. Another key factor 
may be the XPG protein since deficiencies in transcription-coupled repair o f  
oxidative damage were found in patients with Cockayne syndrome, in patients of 
xeroderma pigmentosum (XP-G group) showing a severe symptom of Cockayne 
syndrome (Cooper et al., 1997; Lehmann, 1995; Wood, 1997). XPG from 
nucleotide excision repair is known to help load hNTH (a bifunctional BER 
glycosylase that removes thymine glycol) onto the damaged site (Klungland et 
al., 1999; Lindahl, 2000), indicating the sharing o f common proteins between 
TCR, nucleotide excision repair and base excision repair (Cooper et al., 1997). 
Therefore, it seems that XPG has two different functions; an endonuclease in 
nucleotide excision repair and an assembly factor in base excision repair.
There is an implied relationship between mismatch repair and nucleotide excision 
repair pathways. Studies o f E.coli cells that had mutant mutS or mutL mismatch 
repair genes indicated a role o f these proteins in TCR since they lack the strand 
selective repair o f UV damage (Lahue, 1996).
There is also the possibility o f involvement o f other proteins in TCR o f oxidative 
DNA damage. BRCA1 or BRCA2 (the breast and ovarian cancer susceptible 
genes) are likely to participate in TCR since deficiency o f  either gene causes the 
transcriptional machinery to pause at 8-oxoguanine (Page et al., 2000). Thus, the 
TCR system might interconnect mismatch repair, nucleotide excision repair, and 
base excision repair pathways by sharing common factors to restore genetic 
information where repair is urgently required for smooth transcription.
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2.3.6. Repair of Double-strand break
Reactive oxygen species and ionizing radiation can break the DNA backbone. 
Eukaryotes have developed two pathways to repair double-strand breaks: 
homologous recombination and nonhomologous end joining.
Homologous recombination plays the role when a sister chromatid is available as 
a template in the S and G2 phases o f the cell cycle. Homologous recombination 
involves many proteins, and the pathway is complex. Briefly, the end o f the break 
is processed to make a 3’ single-stranded overhang tail. The tail is used to search 
for a homologous template. When the 3’ tails form a duplex with the homologous 
template, DNA polymerase incorporates nucleotides between the gaps, and the 
nicks are sealed. The structure o f branched DNA is now called Holliday 
junctions. It migrates along the joined DNA and is resolved to form two copies o f  
duplex DNA (Figure 13).
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Figure 13 Schematic diagram 
of repair of double-strand 
break by homologous 
recombination
a) The damaged DNA (red) 
may be recognized by Rad52 
then the complex of 
Rad50/Mre11/Nbsl may 
generate 3 ’-ssDNA overhangs.
b) The ssDNA ends are bound 
by RPA with help of other 
proteins and Rad52 is loaded 
onto the ssDNA. The ssDNA 
bound by Rad52 searches for 
homologous duplex DNA 
(blue), and a strand-exchange 
reaction occurs. c) DNA 
polymerases and their 
associated factors fill the gaps 
and Holliday junctions arc 
formed, d) Holliday junctions 
are resolved by endonucleolytic 
cleavage and rejoined.
The figure was taken from 
Scharer (2003).
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Nonhomologous end joining is especially important to join DNA fragments in 
creating a large repertoire o f antibodies in the immune system. This pathway is 
also required for telomere maintenance. The heterodimer Ku70/Ku80 binds to 
DNA ends and recruits DNA protein kinase catalytic subunit (DNA-PKCS). The 
complexes Rad50-Mrel 1-Nbs and XRCC4-DNA ligase IV come in between the 
two DNA ends, interacting with Ku proteins. The DNA ends may be processed to 
eliminate damaged ribose residues before joining (Figure 14) (Scharer, 2003).
a) erdDndng
erd processing 
bridging of ends
c) iyatiun
Figure 14 Schematic diagram of double-strand breaks repaired by nonhomologous end
joining
a) Double-strand breaks are recognized by the Ku70 and Ku80, which specifically bind to 
DNA ends and form a complex with the DNA-dependent protein kinase catalytic subunit 
(DNA-PKCS). b) The ends of the break may be processed with R ad50/M rell/N bsl and a 
further nuclease. The R ad50/M rell/N bsl and Xrcc4/DNA ligase IV complexes might be 
bridging the DNA ends, c) The two ends are ligated by xrcc4/DNA ligase IV. The figure was 
taken from Scharer (2003).
42
2. INTRODUCTION
2.4. Uracil-DNA glycosylases
2.4.1. Human Uracil-DNA glycosylase
In humans there are four glycosylases that can remove uracil from DNA; the 
general uracil-DNA glycosylase (UDG), single strand specific uracil-DNA 
glycosylase (SMUG), TDG and methyl CpG binding domain protein 4 (MBD4). 
Despite low primary sequence similarity between these enzymes, structural 
studies show that the first three uracil glycosylases (UDG, SMUG, and TDG) 
have very similar structures. It is now believed that these three glycosylases are 
members o f  a superfamily o f  uracil-DNA glycosylases that are derived from a 
common ancestor (Krokan et al., 2002). The genes o f three members o f the uracil 
DNA glycosylase superfamily are located in chromosome 12; human SMUG1 is 
located at 12ql3.1 -14, human UDG (UNG) at 12q24.1, and human TDG at 
12q24.1. This supports that these three genes may be duplicated from a common 
ancestral gene over evolution. However, methyl-CpG-binding domain protein 4 is 
located on 3q21-q22 (Hendrich et al., 1999; Riccio et al., 1999).
Uracil-DNA glycosylase
E.coli uracil-DNA glycosylase was first discovered by Tomas Lindahl (1974). 
UDG is highly and widely conserved among organisms from herpes simplex 
virus type I, E.coli to human (more than 40 % o f amino acid sequence identity). 
Human UDG can cleave the uracil derivatives isodialuric acid, 5-hydroxyuracil, 
and alloxan, and products o f cytosine oxidation as well as uracil (Dizdaroglu et 
al., 1996). The crystal structure o f UDG was the first DNA glycosylase to be
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solved and it revealed that the glycosylase flips the uracil base out o f the DNA 
helix into a binding pocket on the protein where the cleavage o f the glycosidic 
bond takes place.
Figure 15 Crystal structure of human uracil-DNA glycosylase complexed with DNA
containing U-G mismatch
This figure was taken from Parikh et al. (1998).
UDG has a highly specific binding pocket and can remove uracil from single- and
double-stranded DNA (Delort et al., 1985). Formation o f  uracil in DNA by
spontaneous deamination o f cytosine is one of the most common type o f DNA
damage, and it is estimated to occur 60-500 times per genome per day (Lindahl,
1993). Possibly in order to cope with this high frequency o f damage, UDG has
developed as the most efficient glycosylase so far discovered. Turnover o f UDG
is not inhibited by its product, and the kcat o f UDG from herpes simplex virus
type 1 is approximately 6 s 1 for removal o f uracil from single-stranded substrate
and 2 s '1 for the removal o f uracil from double-stranded substrate (Bellamy and
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Baldwin, 2001). In addition to uracil arising from deamination o f cytosine, dUMP 
is sometimes mistakenly incorporated into DNA during replication. The resultant 
A*U base pairs are also substrates for UDG. UDG knockout mice do not display 
significantly elevated spontaneous mutation rate and have no obvious 
pathological phenotype (Nilsen et al., 2000). The substantial backup o f uracil 
excision activity was attributed to SMUG1. The knockout mice were found to 
have slow repair o f  misincorporated uracil mismatched with adenine. This fact 
together with the diminutive increase o f spontaneous mutation rate imply that a 
major role o f  UDG may be repair o f misincorporated uracil rather than repair o f  
deaminated cytosine in vivo (Nilsen et al., 2000). In humans there are two major 
splice forms o f UDG with different promoters; UNG1 (found mainly in the 
mitochondria) and UNG2 (found mainly in the nucleus) (Haug et al., 1998; 
Nilsen et al., 1997) and it appears that a fraction o f the nuclear UDG is associated 
with DNA replication forks in order to repair uracil that has been misincorporated 
during replication (Nilsen et al., 2000; Otterlei et al., 1999). Interestingly, it is 
reported that uracil-DNA glycosylase may be involved in a pathway that gives 
rise to diversification o f B-cell antibodies. In activated B cells, activation-induced 
deaminase is specifically expressed. The protein deaminates deoxycytidine 
residues in the immunoglobulin loci (Petersen-Mahrt et al., 2002). Therefore, a 
substrate for UDG is generated by enzymatic deamination o f cytosine, and UDG 
may play a part in gene diversification (Neuberger et al., 2003). UDG deficient 
mice have significantly inhibited class-switch recombination (switching from 
IgM to IgG/A/E), which involves KU70/KU80 o f nonhomologous recombination 
repair (Rada et al., 2002).
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SMUG1 (Single strand-selective Monofunctional Uracil-DNA Glycosylase) 
Human SMUG1 contains approximately 270 amino acids (30 kDa). SMUG1 
removes uracil and 5-hydroxymethyluracil from single- and double-stranded 
DNA. However, SMUG1 excises uracil from a double-stranded DNA more 
efficiently than from a single-stranded DNA by nearly 700-fold (Wibley et al., 
2003). It now seems likely that in humans UDG is involved in post-replicative 
repair o f uracil from A-U base pairs whereas SMUG1 is responsible for removing 
uracil generated by deamination o f cytosine in bases pairs with guanine (Nilsen et 
al., 2001). SMUG1 inefficiently excises ethenocytosine (Kavli et al., 2002), but 
does not cleave thymine mismatched with guanine (Hardeland et al., 2001). The 
apparent kcat o f SMUG1 against uracil mispaired with guanine and adenine are 
9.1 s'1 and 0.36 s'1, respectively (Wibley et al., 2003).
Methyl-CpG-binding domain protein 4
A second protein that excises thymine mismatched with guanine was discovered 
by Hendrich and Bird (1998) (Hendrich and Bird, 1998). The protein is called 
MBD4 (methyl-CpG-binding domain protein 4) or MED1 (methyl-CpG-binding 
endonuclease) containing approximately 580 amino acids. MBD4 contains an 
amino-terminal methyl-CpG-binding domain and a carboxy-terminal glycosylase 
domain (amino acids 379-580) that exhibits homology to E.coli endonuclease III 
and MutY (Bellacosa et al., 1999). TDG does not contain a methyl-CpG-binding 
domain and does not share amino acid sequence similarity with MBD4 even 
though they show quite similar substrate specificity. MBD4 is able to remove 
uracil in a G-U mismatch faster than thymine in a G-T mismatch, but it cannot
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process C A , C C or G G mismatches (Hendrich et al., 1999). It also excises the 
uracil analogue, 5-fluorouracil from mismatches with guanine (Petronzelli et al.,
2000), S^-ethenocytosine (Petronzelli et al., 2000), and thymine glycol at half 
the rate o f excision o f thymine (Yoon et al., 2003). MBD4, like TDG, prefers a 
CpG sequence for the mismatches, and shows preference for 5 MeCpG T rather 
than CpG-T and a strong binding to the AP site (koff- 8 x 10'6 s'1; Petronezelli et 
al., 2000). Interestingly, excision o f 5-methylcytosine from hemi-methylated 
DNA was been reported as an activity o f MBD4 (Zhu et al., 2000). Furthermore, 
MBD4 may have a role in mismatch repair since an interaction with MLH1 has 
been detected (Bellacosa et al., 1999), and it may be involve in the apoptotic 
response to damaging agents in which mismatch repair proteins have been shown 
to be involved (Bellacosa, 2001; Bellacosa et al., 1999; Buermeyer et al., 1999). 
It is suggested that MBD4 might be a eukaryotic homologue o f  the bacterial 
MMR endonuclease, MutH (Bellacosa et al., 1999). Unlike TDG (Schmutte et 
al., 1997), mutation o f MBD4 is reported to be involved in human cancer (Riccio 
et al., 1999), especially related to microsatellite instability tumours (Bader et a l., 
1999; Boland et al., 1998; Dietmaier et al., 1997).
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2.4.2. Thymine-DNA glycosylase
Thymine-DNA glycosylase (TDG) was discovered from extracts o f  HeLa cells as 
an enzyme that cleaves the glycosydic bond o f thymine mismatched with guanine 
by Wiebauer et al. in 1987 (Wiebauer and Jiricny, 1989). Karan and Griffin 
(1993) reported that a G T mismatch binding protein from extracts o f mammalian 
cells showed most efficient excision o f thymine when the G T mismatch was in a 
CpG or a 5 meCpG sequence while the substrates GpGT, ApG-T, and TpG-T were 
not efficiently incised (Griffin and Karran, 1993). Subsequently, Neddermann et 
al. (1996) cloned the cDNA o f human thymine DNA glycosylase, and reported 
that the mismatch-specific glycosylase contains 410 amino acids (see 
Appendices), and has a mass o f 46 kDa (although it migrates around the 60 kDa- 
position in denaturing polyacrylamide gels; Neddermann et al., 1996).
2.4.3. Characteristics of thymine-DNA glycosylase
The gene o f human thymine-DNA glycosylase was mapped to 12q24.1 o f  
chromosome 12 by Sard et al. (1997) and Schmutte et al. (1997). The level of  
mRNA o f TDG has been reported to be constant, in other words, expression of  
TDG is not cell cycle-dependent (Bouziane et al., 2000). Niederreither et al. 
(1998) reported that TDG was equally and ubiquitously expressed until -13.5  
days o f  the developing mouse foetus, but that the level o f expression was 
significantly enhanced from 14.5 days, which may be correlated with high 
expression o f the methyl transferase that methylates cytosine in CpG
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dinucleotides. The areas o f high expression o f TDG were generally allocated to 
the proliferating cells o f  different organs. They also reported that TDG and the 
methyl transferase were strongly expressed in experimentally induced mouse 
tumours. However, the implication o f the high expression o f TDG in the tumours 
is not clear (Niederreither et al., 1998). Also, the possibility o f induced 
expression o f TDG in response to DNA damage cannot be dismissed.
Substrate Specificity
TDG shows the following preference for DNA binding; G AP site > GTJ > G T 
»  C T > T-T (Scharer et al., 1997; Sibghat-Ullah et al., 1996). Consistent with 
this, TDG also shows a very strong preference for excision o f thymine 
mismatched with guanine (Sibghat-Ullah et al., 1996). The rate o f thymine 
excision is also very dependent upon the sequence surrounding the G T mismatch 
(Griffin et al., 1994; Griffin and Karran, 1993; Scharer et al., 1997; Sibghat- 
Ullah and Day, 1995; Sibghat-Ullah et al., 1996; Waters and Swann, 1998). A 
study from this laboratory measuring single-turnover reaction rates for thymine 
excision found the following order o f sequence preference; CpG-T (kcat = 0.91 
min'1) »  TpG-T (kcat= 0.023 min'1) > GpG T (kcat = 0.0046 min'1) > ApG-T (kcat 
= 0.0013 min'1) (Waters and Swann, 1998). Therefore, the sequence CpG-T is the 
most favoured substrate, being at least 40 times faster than other sequences. TDG 
therefore recognises both the G T mismatch itself and the neighbouring G C base 
pair 5’ to the mismatched guanine. Crystal structures o f the bacterial homologue 
o f TDG show that the preference for mismatches with guanine is probably due to 
TDG making hydrogen bond contact with the mismatched guanine (Barrett et al.,
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1998; Barrett et al., 1999). Also, methylation interference experiments by Scharer 
et al. (1997) confirmed that TDG makes contact with guanine residue o f the 
neighbouring G C base pair 5’ to the mismatch (Scharer et al., 1997). The strong 
preference for G T mismatches at CpG sequences supports the hypothesis that 
TDG has evolved to cope with deamination o f 5-methylcytosine, since 5- 
methylcytosine always occurs at CpG sites and so deamination o f 5- 
methylcytosine would always produce a CpG-T mismatch.
In addition to thymine, in vivo TDG can excise uracil (CpG-U; Apparent kcat= 11 
min'1, CpC-U; k c a t =  4.7 min'1, CpT U; kcat = 1.2 min"1, and CpATJ; kcat=  0.047 
min'1) (Neddermann and Jiricny, 1994; Waters and Swann, 1998), ethenocytosine 
(eC) (see Figure 16)(Hang et al., 1998; Saparbaev and Laval, 1998), 5- 
fluorouracil, 5-hydroxyuracil, and 5-hydroxymethyluracil (Hardeland et al., 
2001) from double-stranded DNA (Krokan e ta l ., 2002).
The dotted line indicates possible hydrogen bond 
between the base pairs. The diagram of 
ethenocytosine mismatched with guanine was 
derived from Cullinan et at. (1997), and thymine 
mismatched with guanine from Hunter et al. (1987) 
and Allawi and SantaLucia (1998).
Figure 16 Schematic diagrams of G-T and G*eC 
mismatches
50
2. INTRODUCTION
Tight binding o f  thymine-DNA glycosylase to the product
In the base excision repair o f G-T mismatches, TDG first excises the damaged 
base, but then remains tightly bound to the apurinic/apyrimidinic site product. 
That is, TDG catalyses in a stoichemetric way, since in the absence o f a releasing 
factor, each molecule o f TDG can remove only one molecule o f thymine. It has 
been suggested that TDG stays on the product to protect the unstable intermediate 
until the next protein, apurinic/apyrimidinic endonuclease 1 (APEX1) arrives at 
the site. The rate o f dissociation o f TDG from the abasic site can be increased in a 
concentration dependent manner by addition o f APEX1 (Figure 17) (Waters et 
al., 1999). Therefore, it is thought that there may be a protein-protein interaction 
between TDG and APEX1, and that this interaction would induce dissociation o f 
TDG from the abasic site.
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Figure 17 Dissociation rate of TDG in the presence of APEX1 indicating the maximum
passive dissociation
The curve for the maximum passive dissociation was calculated using a kofrof 2.8 x 10 5 s'1, 
derived from a bandshift experiment (Waters et al., 1999). 6 nM of TDG, 20 nM of 
oligonucleotide containing a G-T mismatch, and none or 6, 12, 24, and 600 nM of APEX1 
were incubated, at room tem perature. As the concentration of APEX1 increases, TDG is 
dissociated more rapidly from the abasic site and allowed to catalyse further reaction. In the 
absence of APEX1, TDG could only catalyse a stoichemetric amount of substrate. The data 
was taken from W aters et al. (1999).
However, another hypothesis has been suggested to explain the increased 
turnover o f TDG in the presence o f APEX1. In this hypothesis, TDG dissociates 
slowly from the AP site but in the absence o f APEX1 it rebinds to the abasic site 
rather than bind, and react with, another G-T mismatch. In the presence o f 
APEX1, TDG and APEX1 simply compete with each other for the abasic site and 
so increasing concentrations o f APEX1 prevent the TDG from re-binding abasic 
DNA and force the glycosylase to bind to further GT mismatches. Therefore, in
20 nM G-T DNA 
6 nM TDG
00 nM APEX1
;12 nM
•  •  Max Passive Dissociation 
6 nM
none
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this ‘passive’ model there is no protein-protein interaction and no active 
dissociation o f TDG by APEX1. The dissociation constant, kofr, o f  TDG from the 
abasic site has been calculated as 1.8 -  3.6 * 10'5 s*1 (half-life between 5 and lOh) 
by band shift assay (Waters et al., 1999). In agreement with this slow off rate, a 
surface plasmon resonance study by Privezentzev et a l  found a koff o f 6 x 10‘V  
(Privezentzev et al., 2001). If the passive dissociation hypothesis was true, the 
maximum expected turnover rate for TDG, even in the presence o f APEX1, could 
not be faster than this dissociation rate. The expected rate o f dissociation o f TDG 
from abasic DNA is shown by the dotted line in Figure 17 and clearly shows that 
APEX1 increases the turnover o f TDG to a rate far higher than the expected rate 
o f passive TDG dissociation.
The passive model therefore does not explain the accelerated rate o f TDG
reaction in the presence o f APEX1 in Figure 17. In addition, the displacement o f
TDG is specific to APEX1 since the E.coli AP endonucleases
Formamidopyrimidine-DNA glycosylase, Endonuclease IV, and Endonuclease
III, do not displace TDG from the abasic site (Privezentzev et al., 2001; Waters et
al., 1999). These experiment are very interesting since they showed that the
abasic site was not available for competition, meaning that TDG protected the
abasic site from access by the AP endonucleases. Thus, this is further evidence
that TDG does not dissociate from the abasic site on its own, and APEX1 may
specifically dissociate TDG via a direct protein-protein interaction. The yeast
two-hybrid system was employed by Privezentzev et al. (2001) to try and detect
protein-protein interactions between TDG and APEX1, but they found no
evidence o f such an interaction. (Privezentzev et al., 2001). However, the protein-
protein interaction may be extremely transient and would therefore be very
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difficult to detect (Tini et al., 2002). Base excision by other glycosylases can also 
be stimulated by APEX1. Vidal et al. (2001) found that the activity o f hOGGl 
was stimulated in the presence o f APEX1, however, this acceleration was 
probably due to passive competition for abasic DNA since the dissociation 
constant o f hOGGl from the AP site was not decreased by APEX1 (Vidal et al.,
2001). The activity o f hOGGl could also be stimulated by the bacterial AP 
endonuclease IV (product o f nfo gene) even though this endonuclease is not 
related to APEX1 (Hill et al., 2001; Vidal et al., 2001). This suggests that the 
stimulation o f hOGGl by those endonucleases might not be specific, and that 
there is a fundamental difference in the mechanism o f dissociation between 
hOGGl and TDG.
Crystal Structure o f  the Bacterial Homologue o f  TDG
TDG has an E coli. homologue, called mismatch-specific uracil DNA glycosylase 
(MUG). The amino acid sequence o f MUG is 120 and 100 residues shorter than 
TDG at the amino terminus and the carboxyl terminus, respectively. However, 
the core part o f the enzyme (residues 112-360 o f TDG) is conserved more than 30 
% between MUG and TDG (Gallinari and Jiricny, 1996). MUG can excise uracil 
(Gallinari and Jiricny, 1996), ethenocytosine, thymine (Saparbaev and Laval,
1998), 8-(hydroxymethyl)-3^V4-etheno- 2 ’-deoxycytidine (8-HM-edC) (Hang et 
al., 2002), 5-hydroxymethyluracil, 5-hydroxyuracil, inosine (hypoxanthine), and 
1 ,V2-ethenoadenine (O'Neill et al., 2003). Ethenocytosine is the fastest substrate 
to be excised (O'Neill et al., 2003). However, it may not be the real in vivo target 
of MUG since ethenocytosine has not yet been found in E.coli DNA (Bartsch and
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Nair, 2000). MUG, like TDG, displays strong binding to its product, the abasic 
site. Also, like TDG, the activity o f MUG is enhanced on addition o f an AP 
endonuclease, E.coli endonuclease IV (Hang et al., 2002). The crystal structure of 
the E.coli homologue o f TDG, mismatch-specific uracil DNA glycosylase 
(MUG) gives us a good insight into the mechanism o f excision by TDG (Figure 
18 and Figure 19). MUG (and by implication TDG) flips out the damaged base 
into a binding pocket on the enzyme, where it is excised. The structurally similar 
uracil DNA glycosylase (UDG) has a pocket that is strictly specific for uracil 
(Figure 20). In the case o f MUG (and TDG), double-stranded DNA is required 
for excision, implying that they need to interact with the second DNA strand in 
order to displace the damaged base from the DNA helix.
Figure 18 Crystal structure of mismatch-specific uracil DNA glycosylase in complex with
DNA
A; l-(2’-deoxy-2’-fluoro-p-D-arabino furanosy!)-uracil B; MUG forms complex with DNA 
that contains an excision-resistant analogue of uracil. The figure was taken from B arrett et 
al. (1999).
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Human UDG E.coli MUG Xenopus laevis SMUG1
Figure 19 Comparison of crystal structures of uracil-DNA glycosylase (human), mismatch- 
specific uracil DNA glycosylase (E.coli) and Xenopus laevis SMUG1
The secondary structure elements are colour coded to highlight the similarity in structure 
between the three glycosylases. The UDG structure from Mol et al. (1995), the MUG 
structure from Barrett et at. (1998) and the SMUG1 structure from Wibley et al. (2003)
In human UDG, Tyrl47 is located at one edge o f the base-binding pocket and 
plays a key role in blocking the 5-methyl group o f thymine (Figure 20). Instead 
of having the blocking tyrosine at this position, MUG has Gly20 (Glyl42 in 
TDG), which allows binding o f  thymine in the pocket and excision o f the base. 
Uracil in the pocket o f UDG forms specific hydrogen bonds with a conserved 
Asn204; the amide side chain forms a hydrogen bond with the 0 4  carbonyl 
oxygen o f uracil and the carbonyl oxygen accepts a hydrogen bond from the 
protonated N3 o f uracil. Furthermore, the 0 4  o f uracil forms another hydrogen 
bond with the peptide nitrogen o f PhelOl. The asparagine and the phenylalanine 
might expel the N4 o f cytosine.
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Phel09
Asn204
Human UDG E.coli MUG (TDG) Xenopus laevis SMUG1
Figure 20 Comparison of binding pockets of human UDG, E.coli MUG and Xenopus laevis
SMUG1
In human UDG, uracil has specific contacts with Asn204 and Phel58. Tyrl47 blocks 5- 
methylgroup of thymine. E.coli MUG does not have the barrie r and can therefore have 
thymine in the pocket. Structurally similar Xenopus laevis SMUG1 also expels thymine since 
5-methylgroup of thymine is too large and the w ater molecule block the 5-methylgroup. The 
figure was derived from Mol et al. (1995), Barrett et al. (1998) and Wibley et al. (2003).
In contrast, MUG cannot have the same specific interaction with uracil in the 
pocket since it has Lys68 (but TDG has A snl91) at this position (Barrett et al.,
1999). This means that the base-binding pocket o f MUG cannot differentiate 
uracil and thymine from cytosine, and it is likely that MUG’s catalytic specificity 
comes mainly from the ease o f disruption o f the inherent weak G U base pair in 
comparison to the stronger G-C base pair. This lack o f specific interaction in the 
pocket is illustrated by the fact that MUG can remove ethenocytosine when 
mismatched with guanine (O'Neill et al., 2003). TDG allows thymine in its 
pocket since the 5-methyl group o f thymine is not hindered by G lyl42 (Tyrl47 in 
hUDG), and may be able to differentiate uracil and thymine from cytosine due to
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hydrogen bonds between 0 4  o f thymine and side chain o f  Asnl91 o f  TDG 
(equivalent to Asn204 in hUDG), but cannot differentiate thymine from uracil. 
MUG shows a 14,800-fold faster cleavage rate for G U  over G T (O'Neill et al., 
2003). Barrett et al. (1999) suggested that this might be caused by a moderate 
steric clash between the 5’-methyl o f  thymine and the side chain o f Ser23 o f  
MUG (see Figure 20). In TDG, the position is occupied by an Alai 45 which 
would create less steric clash than serine and probably explains why TDG has 
only a 10-fold preference for uracil over thymine (Waters and Swann, 1998). One 
very interesting finding from the structure o f MUG is that it (and TDG) has 
developed a mechanism for substrate specificity via contact with the second DNA 
strand. The residues Ala77 and Seri 42 (Ser271 in TDG) o f  MUG form hydrogen 
bonds with the phosphate 3’ to the abasic site. The phosphate 5’ to the AP site 
makes contact with residues Ser22, Ser23, and Gly20 (Glyl42).
The residues Glyl43, Leu 144, and Argl46 (Arg275 in TDG) are inserted 
between two DNA bases, into the space produced by the flipped out uracil. The 
loop is inserted from the minor groove, acting like a wedge that widens the space 
between the adjacent bases. The side chain o f Argl46 forms two hydrogen bonds, 
one with the deoxyribose ring oxygen o f the widowed guanine (i.e. the guanine 
from the G U mismatch), and the other with the peptide oxygen o f Leu 144. On 
displacement o f the deoxyuridine, three secure hydrogen bonds are formed with 
the widowed guanine; between the N1 imino group o f the guanine and the 
carbonyl oxygen o f Glyl43, and between the N2 exocyclic amino group o f the 
guanine and the carbonyl oxygen o f Glyl43 and the carbonyl o f Seri45 (Figure 
21) (Barrett et al., 1998). These interactions are very important since they are
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specific for guanine, and enable MUG to discriminate between G U mismatches 
and A U  base pairs (and between G-T mismatches and A T base pairs for TDG).
Figure 21 Interaction between the widowed guanine and wedge (Glyl43, Leul44, and 
Argl46) of mismatch-specific DNA glycosylase
The figure was taken from B arrett etal. (1998).
Barrett et al. (1998) suggested that MUG uses a “push” mechanism to bind uracil 
in the pocket, rather than the “pull” mechanism employed by UDG (Kunkel and 
Wilson, 1996), which is promoted by inserting the wedge (Glyl43, Leu 144, and 
Argl46) into the DNA via the minor groove to flip out the uracil. Since MUG 
lacks the specific interaction between the flipped-out uracil and the pocket, it 
lacks the “pull” utilized by UDG (Barrett et al., 1998).
P I 4 I
HI  46
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Catalytic Mechanism o f Uracil-DNA glycosylase
By measuring kinetic isotope effect on uracil excision by UDG, Werner et al. 
(2000) found that the reaction o f UDG proceeds through a dissociative transition 
state, which is that the glycosydic bond is completely broken in the transition 
state before the addition o f water (see Figure 22). The subsequent attack by the 
water molecule and transfer o f  a proton to Asp 145 (Asnl8 in MUG) generates the 
product. This mechanism is supported by Dinner et al. (2001) who used hybrid 
quantum-mechanical/molecular-mechanical simulations to show that the reaction 
was dissociative (Dinner et al., 2001). This mechanism might apply to other 
glycosylases.
DN4 *o
O-
Figure 22 Possible mechanisms for uracil-DNA glycosylase
The top pathway is a stepwise dissociative mechanism that produces a discrete 
oxocarbenium cation and a uracilate anion in the transition state followed by nucleophilic 
attack of a w ater molecule. The lower pathway illustrates the concerted associative 
mechanism that involves nucleophilic attack of a w ater molecule and expulsion of the uracil- 
leaving group in the transition state. The figure was taken from W erner and Strivers (2000).
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Interaction o f  thymine-DNA glycosylase with other proteins 
TDG is reported to interact with several proteins involved in transcriptional 
activation. The retinoid acid receptor (RAR) and the retinoid X receptor (RXR) 
are transcription factors that are activated through ligand binding. Using a yeast 
one-hybrid assay TDG, was shown to interact with RAR/RXR and to enhance 
RAR/RXR dependent gene expression in vitro. Also, Chen et al. showed that 
TDG interacts with the oestrogen receptors and enhances oestrogen receptor 
mediated-gene regulation (Chen et al., 2003). Furthermore, the thyroid 
transcription factor-1, which is involved in thyroid, lung, and ventral forebrain 
development (Kimura et al., 1996; Sussel et al., 1999), also interacts with TDG 
(Missero et al., 2001). However, in this case TDG suppresses thyroid 
transcription factor-1-activated transcription (Missero et al., 2001). TDG was first 
isolated as a protein that could interact, via its C-terminal, with the leucine zipper 
o f the transcription factor, c-Jun (Chevray and Nathans, 1992). Interestingly, c- 
Jun is activated by a redox reaction induced by Ref-1, a major nuclear redox 
factor that is identical to the BER enzyme APEX1. APEX1 is thus a bifunctional 
protein that has AP endonuclease activity, and redox activity that reduces the 
DNA binding domains o f Fos and Jun to enhance DNA-binding activity (Kelley 
et al., 2001; Xanthoudakis et al., 1992). This suggests an interesting relationship 
between TDG and APEX1 via Fos/Jun that seems to have interactions with both 
TDG and APEX1. Several cancer cells have elevated levels o f APEX1 indicating 
promoted activity o f Fos/Jun proteins in these cells, and this may affect TDG 
activity (Kelley et al., 2001). In addition to directly interacting with these 
transcription factors, TDG also interacts with certain coactivators. CREB binding 
protein (CBP) (Chrivia et al., 1993) and p300 (Eckner et al., 1994) act as
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coactivators for many sequence-specific transcription factors, including nuclear 
receptors, Jun/Fos, and p53. Probably, CBP/p300 activates transcription via its 
intrinsic histone acetyltransferase activity that opens up the chromatin structure. 
Tini et al. (2002) found that TDG interacts with, and is acetylated by, CBP/p300, 
and that this interaction stimulates CBP related-transcription. In addition, they 
showed that mouse TDG interacts with APEX1, but that acetylation o f TDG by 
CBP/p300 prevents this interaction with APEX1. They suggested that acetylation 
might work as a molecular switch that decides whether TDG is involved in DNA 
repair or in transcriptional activation (Tini et al., 2002). TDG also interacts with 
some proteins that are not directly involved in transcription. Shimizu et al. 
reported that TDG interacts with XPC-HR23B, a heterodimer that initiates 
nucleotide excision repair, and that XPC-HR23B promotes release o f TDG from 
abasic sites (Shimizu et al., 2003). Hardeland et al. found that SUMOl and 
SUMO-2/3 bind to TDG and modify it. They suggested that modification o f TDG 
by SUMO conjugation might be the regulatory mechanism that switches on or off 
the affinity o f TDG for DNA (Hardeland et al., 2002).
Functional redundancy o f  Uracil-DNA glycosylases
Thymine-DNA glycosylase, MBD4, uracil-DNA glycosylase, and SMUG1 excise 
uracil from G U mismatches in mammalian cells. Hence, it raises a question 
about redundant function among these enzymes. According to the theory of 
natural selection in evolution, each enzyme should have its own niche. The 
primary substrate (uracil) o f UDG (UNG2) and SMUG1 is identical. However, 
UDG is localized at the replication site, possibly responsible for misincorporated
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uracil and very efficient excision in a single-stranded DNA whereas SMUG 1 has 
a higher efficiency in a double-stranded DNA and may be responsible for 
repairing uracil derived from deamination o f cytosine. Also, it is reported that 
SMUG1 may have a role in nucleoli formed by loops o f DNA containing a 
cluster o f ribosomal RNA genes from several chromosomes, where ribosomal 
RNAs are transcribed by RNA polymerase I and assembled into the ribosome 
(Kavli et al., 2002). Also, TDG and MBD4 share a very similar range o f  
substrates, typically thymine mismatched with guanine in CpG sites. MBD4 may 
have a role in mismatch repair. Furthermore, MBD4 is reported to have 5- 
methylcytosine DNA glycosylase activity from hemi-methylated CpG sites. 
However, further study o f each enzyme on the function in vivo is required to 
explain the functional redundancy.
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2.5. Characteristics of Human apurinic/ 
apyrimidinic endonuclease 1
Apurinic/apyrimidinic (abasic) sites are generated by spontaneous hydrolysis o f  
the glycosydic bond, reaction o f DNA glycosylases in base excision repair, and 
the reaction o f damaging agents (e.g. reactive oxygen species, and ionising 
radiation) (Barzilay and Hickson, 1995). Lindahl and Nyberg estimated the loss 
o f a staggering 2000-10,000 purine bases in each human cell per day (Lindahl 
and Nyberg, 1972). Human apurinic/apyrimidinic endonuclease 1 (APEX1, also 
known as HAP1, or Ref-1) has a high affinity for AP sites, and cleaves the 
phosphodiester bond 5’ to the abasic site (Figure 24). APEX1 consists o f 318 
amino acids (37 kD), and is estimated at ~7 x 106 molecules/cell in HeLa, T 
lymphoblast and Chinese hamster ovary cells (Chen et al., 1991). It is reported 
that APEX 1 is responsible for more than 95 % o f the AP endonuclease activity in 
mammalian cells (Chen et al., 1991). However, APEX1 has multiple functions in 
addition to the endonuclease activity, includes 3’ phosphodiesterase, 3’ 
phosphatase, 3’-5’ DNA exonuclease, RNaseH, and redox activities. Apart from 
the redox activity, the physiological relevance o f these functions is not clear. 
APEX1 regulates the DNA-binding activity o f many transcription factors that are 
involved in cancer progression, for example, Fos, Jun (Walker et al., 1993; 
Xanthoudakis et al., 1992), nuclear factor-KB (Xanthoudakis et al., 1992), PAX, 
HIF-la, HLF, and p53 (Evans et al., 2000) through reduction-oxidation 
modulation. Therefore, APEX1 links DNA repair and transcription by its two 
different activities. APEX1 is homologous to E.coli exonuclease III, displaying
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27 % sequence identity (58 %  similarity) (Barzilay and Hickson, 1995). 
Exonuclease III (Mol et al., 1995) shows a similar structure to DNase I (Lahm 
and Suck, 1991) despite having less than 20 % sequence homology between 
them. As expected, the crystal structure o f APEX1 showed a similar fold to 
DNase I and exonuclease III (Gorman et al., 1997) (Figure 23).
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DNase I APEX1 Exo III
Figure 23 Comparison of the structure of DNase I, APEX1, and exonuclease III
The structure of DNase I is a complex with DNA. Blue indicates a-helices, pink indicates 0- 
strands, and the arrows indicate the loop regions unique to APEX1 and exonuclease III. This 
figure was taken from Gorman et al. (1997).
DMA Major 
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Figure 24 Crystal structure of human apurinic/apyrimidinic endonuclease 1 complexed with 
an 11-bp oligonucleotide containing an abasic site
The rigid APEX1 with positively charged surface, bends the DNA —35° and displaces the 
helical axis ~5A. APEX1 inserts loops into both the m ajor and m inor grooves of DNA, and 
binds the flipped-out AP site in a binding-pocket. The divalent metal ion (green sphere) is 
situated at the 5’ side of the AP site. This figure was taken from Mol et al. (2000).
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The crystal structure o f APEX1 bound to the AP site revealed that APEX1 causes 
kinking o f the DNA strands by inserting loops into the major and the minor 
grooves o f DNA, and binds the flipped-out AP site in a separate pocket (Mol et 
al., 2000) (Figure 24).
From structural studies (Mol et al., 2000), it is known that APEX1 does not 
exhibit a major conformational transition between the free APEX1 and the DNA- 
bound APEX1 (-0.7 A deviation in Ca atom positions between the two forms o f  
APEX1). Therefore, the structure o f APEX1 is preformed and does not change on 
recognition o f the abasic site. In contrast, the DNA containing the AP site is 
severely bent -35° and kinked ~5 A relative to the DNA helical axis on binding 
by APEX1 (Mol et al., 2000). The APEX1 residues Met270 and Met 271 
penetrate the DNA minor groove and Argl77 penetrates the major groove to 
engulf the flipped out abasic site. However, according to a mutational study, none 
of these residues are responsible for flipping out the abasic site (Mol et al., 2000). 
This means that the abasic site is possibly flipped out by the gross structural 
changes induced in the DNA upon enzyme binding. The insertion o f the loop into 
the minor groove is also seen in Escherichia coli endonuclease IV (Hosfield et 
al., 1999). However, the DNA bound structures o f endonuclease IV and APEX1 
are distinctly different. This suggests that both enzymes may use the loop that 
inserts into the minor groove to orient themselves relative to the DNA surface 
and to probe the abasic site at the same time. When the enzymes sense the 
deformed weak structure with the loop, they may each induce their distinctive 
distortion in the DNA to specifically bind the flipped out abasic site (Mol et al., 
2000).
67
2. INTRODUCTION
In base excision repair o f G T  mismatches, thymine-DNA glycosylase removes 
the thymine base to produce an AP site, and, in the presence o f APEX1, remains 
bound to this product DNA. Dissociation o f TDG from the abasic site is 
promoted by APEX1 and is accelerated as the concentration o f APEX1 increases 
(see Section 2.4.3) (Waters et al., 1999). Therefore, APEX1 displaces TDG and 
then takes over the abasic site and cuts it. The AP endonuclease activity o f  
APEX1 requires divalent cations (Mg2+) and it has a kcat o f  -500 min'1 (Willson 
III et al., 1995). It has a fast product dissociation rate ( k o f f  p ro d u c t » 1 0  s'1; Strauss 
et al., 1997), and so the complex o f APEX1 and DNA is short lived.
Bennett et al. (1997) detected an interaction between APEX1 and DNA 
polymerase |3 using yeast two-hybrid analysis. APEX1 leads polymerase p to the 
DNA damage site via this interaction and allows the polymerase to take over the 
nicked AP site, and, in short patch repair, removing the 5’-sugar phosphate 
residue by catalysing a P-elimination reaction (Matsumoto and Kim, 1995). 
APEX1 also interacts with XRCC1, which in turn interacts with DNA ligase III 
(Caldecott et al., 1994) and DNA polymerase P (Vidal et al., 2001). This implies 
that APEX1 is involved in the coordinated mechanism o f base excision repair. 
APEX1 is also involved in long patch base excision repair through its interaction 
with PCNA and flap endonuclease 1 (Dianova et al., 2001). Therefore, APEX1 
may play a switching role from short patch to long patch base excision repair by 
recruiting flap endonuclease 1 after dissociation o f DNA polymerase p (Dianova 
et al., 2001).
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2.6. Aims of this project
Human thymine-DNA glycosylase is known to excise thymine mismatched with 
guanine with a preference for mismatches in CpG sequences. This supports the 
idea that TDG repairs deaminated 5-methylcytosine because, in humans, 
methylation o f cytosine occurs exclusively in a CpG context, and so subsequent 
spontaneous deamination generates a G-T mismatch in a CpG site. Saparbaev et 
al. (1998) and Hang et al. (1998) reported that TDG excises S^-ethenocytosine; 
a mutagenic derivative o f cytosine that is generated by reaction with vinyl 
chloride, or with metabolites o f  lipid peroxidation. Because their results showed 
that ethenocytosine was apparently removed more efficiently than thymine, these 
authors claimed that ethenocytosine must be the primary in vivo substrate o f TDG 
(Hang et al., 1998; Saparbaev and Laval, 1998). Saparbaev et al. (1998) 
determined the kinetic constants o f TDG using Michaelis-Menten kinetics 
analysis. However, this kinetic model is not appropriate for TDG since TDG is so 
strongly inhibited by product binding that there is no turnover o f the enzyme 
(Waters et al., 1999) (Scheme 1).
 *!_►
TDG + G T  TDG(G• T )^ -^ T D G {G • AP) k"ff{verys,ow) >TDG + G AP
<~T,
Kd = k_,/ki
Scheme 1 Kinetic scheme of TDG reaction
TDG binds to substrate (G*T mismatched DNA) with rate constant of kt, and dissociates 
with k.(. TDG catalyses cleavage of the glycosydic bond of thymine (k2), and dissociates from 
the G*AP product site with a very slow k ^ . Dissociation constant is defined as k_j over kj.
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The kcat constant obtained from a Michaelis-Menten experiment measures the 
overall turnover o f an enzyme (i.e. the number o f molecules o f substrate 
processed per molecule o f enzyme per unit time) and in a scheme such as the one 
shown above would yield little information about the actual catalytic step, k2 . 
Furthermore, because the turnover o f TDG is virtually zero, it is actually 
impossible to carry out a valid Michaelis-Menten analysis o f TDG. In addition to 
this kinetic error, Saparbaev et al. used an oligonucleotide that contained a G-T or 
GsC mismatch in a GpG context, which is a very poor substrate for thymine 
excision by TDG (Saparbaev and Laval, 1998). Hang et al. (1998) showed that 
TDG had excision activity towards ethenocytosine, but failed to show the relative 
activity between thymine and ethenocytosine substrates. The first aim o f this 
project was to measure the dissociation constant (IQ) and catalytic constant (k2) 
of TDG for the removal o f thymine and ethenocytosine in various neighbouring 
sequences using single-turnover kinetics in order to get a clearer understanding o f 
the substrate preference o f TDG. Single turnover reactions are the best way to 
study the kinetics o f TDG (and many other glycosylases) since they do not 
involve the slow product release step.
It is now well established that after removal o f the base the subsequent steps in 
base excision repair are coordinated by a series o f interactions where the enzyme 
o f one step recruits the enzyme that caries out the next step (Wilson and Kunkel,
2000). However, the existence o f coordination between DNA glycosylases and 
APEX1 remains controversial. This laboratory has previously shown that APEX1 
dissociates TDG from the abasic site and increases turnover o f TDG (Waters et 
al., 1999). There have been suggestions in the literature that the dissociation o f  
TDG is passive and that there is no real coordination between TDG and APEX1
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(Hardeland et al., 2001). In this passive mechanism, TDG dissociates on its own, 
but in the absence o f  APEX1 quickly re-binds to abasic DNA. When APEX1 is 
present it binds to free abasic DNA and so prevents TDG from re-binding abasic 
DNA, thus forcing the glycosylase to bind to G-T DNA and react further. 
However, the passive dissociation mechanism cannot explain how APEX1 can 
accelerate the dissociation o f TDG greater than the measured rate o f dissociation 
o f TDG from abasic DNA, as shown in Figure 17. Therefore, APEX1 must 
somehow actively displace TDG from abasic DNA, possibly through a direct 
interaction with TDG. There is little evidence in the literature o f protein-protein 
interactions between TDG and APEX1; only one group detected an interaction 
(Tini et al., 2002) while other studies looked but failed to find an interaction 
(Privezentzev et al., 2001). Alternatively, APEX1 may actively displace the TDG 
by binding to the DNA and distorting it in such a way that weakens the 
interaction between TDG and the abasic site, thus causing the glycosylase to 
dissociate. The second aim o f this project was to try and deduce how TDG is 
displaced by the endonuclease. This was done by studying the involvement o f the 
DNA in the displacement reaction and by looking for possible protein-protein 
interactions between TDG and APEX1.
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3.1. Materials
3.1.1. Reagents
The chemicals and reagents used for the experiments are listed below.
<Culture medium and Lysis buffer>
Name Contents
SOC medium 2 % Bacto-tryptone, 0.5 % of Bacto-yeast extract, 10 mM NaCI, 2.5 mM 
KCI, 10 mM MgCI2, 10 mM MgS04l 20 mM glucose (pH 7.0)
Luria-Bertani (LB)- 
agar plate
10 mg/ml Bacto-tryptone, 5 mg/ml Bacto-yeast extract, 10 mg/ml NaCI 
and 15 mg/ml Bacto-agar (pH 7.0)
LB medium 10 mg/ml Bacto-tryptone, 5 mg/ml Bacto-yeast extract, 10 mg/ml NaCI 
(pH 7.0)
Lysis buffer 50 mM Tris-HCI; pH7.5, 200 mM NaCI, 1 mM 
ethylenediaminetetraaceticacid (EDTA), 5 % Glycerol and 0.5 % Triton 
X-100
Table 2 List of medium used for K coli culture and lysis buffer to lysis the cells
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< Fast protein liquid chromatography (FPLC) buffers>
Name Contents
DNA purification 
buffer A
10 mM NaOH and 0.4 M NaCI
DNA purification 
buffer B
10 mM NaOH and 1.2 M NaCI
Mono S buffer A 25 mM N-2-hydroxyethylpiperazine-N’-2-ethanesulphonicacid 
(HEPES)
(pH 7.6), 1 mM EDTA, 10 % glycerol and 5 mM dithiothreitol (DTT)
Mono S buffer B 25 mM HEPES (pH 7.6), 1 mM EDTA, 10 % glycerol, 5 mM DTT and 
1.2 M NaCI
Mono Q buffer A 25 mM Tris-HCI (pH 7.6), 1 mM EDTA, 10 % glycerol and 5mM DTT
Mono Q buffer B 25 mM Tris-HCI (pH 7.6), 1 mM EDTA, 10 % glycerol, 5 mM DTT and 
1.2 M NaCI
FPLC buffer A 0.2 M NaCI, 10 mM NaOH, 1 mM EDTA and 0.05 % Triton X-100
FPLC buffer B 1.2 M NaCI, 10 mM NaOH, 1 mM EDTA and 0.05 % Triton X-100
HiTrap binding 
buffer
0.02 M Na2HP04 and NaH2P04 (pH 7.4) and 0.2 M NaCI
HiTrap elution buffer 0.02M Na2HP04 and NaH2P 04 (pH 7.4), 0.2 M NaCI and 0.5 M 
imidazole
Table 3 List of buffers used for ion exchange chromatography and histidine-trapping column
<Reaction related bufFers>
Name Contents
Annealing
buffer
25 mM HEPES (pH 7.6), 50 mM KCI and 10 mM MgCI2
Reaction buffer 25 mM HEPES (pH 7.6), 0.2 mM EDTA, 2 mM DTT, 0.5 mg/ml bovine 
serum albumin (BSA) and 2.5 mM MgCI2 + either 50 mM or 140 mM KCI
Protein buffer 25 mM HEPES (pH 7.6), 0.5 M KCI, 0.1 mM EDTA, 0.5 mg/ml BSA, 15 % 
Glycerol and 0.05 % Triton-X-100
Binding buffer 25 mM HEPES (pH 7.6), 50 mM KCI, 1 mM EDTA, 2 mM DTT, 0.5 mg/ml 
BSA and 4 % Ficol 400
Quench 
solution 1
0.1 M NaOH and 10 mM EDTA
Quench 
solution 2
30 mM Piperidine and 10 mM EDTA
Pulldown 
reaction buffer
30 mM NaH2P04 (pH 7.5), 2 mM MgCI2, 227 mM NaCI, 20 mM imidazole 
and 27 ng/pl BSA
Pulldown 
washing buffer
30 mM NaH2P 0 4 (pH 7.5), 2 mM MgCI2, 227 mM NaCI and 20 mM 
imidazole
Table 4 List of reaction buffers (kinetic reaction buffer, quenching solution and pulldown 
reaction buffer) and DNA annealing buffer
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<Gel-electrophoresis related reagents>
Name Contents
10 x Tris-borate electrophoresis 
(TBE) buffer
0.9 M Tris base (pH 8.0), 0.9 M Boric acid, 20 mM EDTA 
and 1 % Triton-X-100
0.5 x TBE buffer 45 mM Tris base (pH 8.0), 45 mM Boris acid, 1 mM EDTA 
and 0.05 % Trition-X-100
Tris-acetate electrophoresis 
(TAE) buffer
40 mM Tris-acetate and 1 mM EDTA
6% Aery lam ide gel 15 % 40 % Acrylamide : Bis-Acrylamide (19 : 1) and 2.5 
% 10 xTBE buffer
1 % agarose gel 0.1 pg ethidium bromide/ml TAE buffer and 10 mg 
agarose /ml TAE buffer
6 x loading buffer 0.25 % bromophenol blue and xylene cyanol FF and 15 % 
Ficol 400
MOPS SDS running buffer 
(Invitrogen)
10-30 % MOPS, 1-5 % Sodium dodecyl sulfate and 7-13 
% Tris
MES SDS running buffer 
(Invitrogen)
10-30 % Methyl salicylate, 1-5 % Sodium dodecyl sulfate 
and 7-13 % Tris
Table 5 List of gel-electrophoresis related reagents (band shift assay and agarose gel for 
DNA)
3.1.2. Expression Plasmids
pT7-7 expression plasmids containing the cDNAs o f human thymine DNA 
glycosylase and apurinic/apyrimidinic endonuclease 1 in pT7-7 were kind gifts o f  
J. Jiricny (University o f Zurich, Switzerland) (Neddermann et al., 1996) and I. 
Hickson (Oxford University, UK) (Walker et a l., 1993), respectively.
3.1.3. Synthesis & Purification of Oligonucleotides
The 34-mer oligonucleotide,
5 ’-AGCTTGGCTGCAGGCGGACGGATCCCCGGGAATT with the complementary 
strand containing thymine opposite the underlined guanine was used as the 
standard G T glycosylase substrate unless mentioned. The duplexes are described 
as NpG X in the following text, where N is the base 5’ to the mismatched
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(underlined) guanine and X is either thymine, B.A^-ethenocytosine or uracil 
opposite the underlined G (see Table 6). These oligonucleotides were used in 
Section 4.3.
Table 6 Sequences of 34-mer oligonucleotides
Name X Sequence
CpG*T
CpGcC
T
eC 5 ' -AGCTTGGCTGCAGGCGGACGGATCCCCGGGAATTTCG AA CCGACGTCCGXCTGCCTAGGGGCCCTTAA-5'
CpGU U
TpG-T
TpGcC
T
sC 5 ' -AGCTTGGCTGCAGGTGGACGGATCCCCGGGAATT  TCGAACCGACGTCCAXCTGCCTAGGGGCCCTTAA-5 '
GpGeC eC 5 ' - AGCTTGGCTGCAGGGGGACGGATCCCCGGGAATT TCGAACCGACGTCCCXCTGCCTAGGGGCCCTTAA-5 '
ApGeC eC 5 ' -AGCTTGGCTGCAGGAGGACGGATCCCCGGGAATT  TCG AACCG ACG TCCTXCTG CCTAG G G G CCCTTAA-S'
The sequences o f oligonucleotide used to study the effect o f DNA length on the 
displacement ofTD G  by APEX1 are listed in Table 7.
Name_______________________________ Sequence__________________________
Control 5 ' -
6GT18 5 '  -
9G T 1 8 5 ' -
15 G T6 5 ' -
15G T5 5 ' -
15G T4 5 '  -
MINI 5 '  -
56 Mer 5 / _ (
AGCTTGGCTGCAGGCGGACGGATCCCCGGGAATT  
GCAGGCGGACGGATCCCCGGGAATT  
GCTGCAGGCGGACGGATCCCCGGGAATT 
AGCTTGGCTGCAGGCGGACGGA  
AGCTTGGCTGCAGGCGGACGG  
AGCTTGGCTGCAGGCGGACG  
GCTGCAGGCGGACGG 
5 ' -CGTAGCTGTACATCAGCTTGGCTGCAGGCGGACGGATCCCCGGGAATTACAGATGC
Table 7 List of sequences of oligonucleotides used to study effect of DNA in displacement 
activity of apurinic/apyrimidinic endonuclease 1
Only the top strand of each oligonucleotide is shown. The complementary bottom strand 
contained thymine opposite to the underlined G and was labelled at the 5’-end with a 
fluorescent molecule (6FAM; see Appendix).
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Oligonucleotides containing ethenocytosine were provided by Dr Tim Waters. 
Deoxyethenocytidine was synthesized from deoxycytidine following the protocol 
of Zhang et al. (1995), converted to the phosphoramidite and then used to 
synthesize oligonucleotides using Applied Biosystems 391 DNA synthesizer. The 
presence o f ethenocytosine in the oligonucleotides was confirmed by base 
composition analysis (Abu and Waters, 2003).
All other oligonucleotides were purchased from Qiagen and Genosys. Since the 
commercially synthesized oligonucleotides were not pure, all oligonucleotides 
were purified by ion exchange chromatography at pH 12 (Xu and Swann, 1992) 
using a Mono Q HR5/5 column (Amersham Biosciences).
Oligonucleotides were dissolved in H2O at an optical density (260 nm) of 
approximately 20. The dissolved oligonucleotides were loaded onto a Mono Q 
column and purified using a gradient o f NaCl in 10 mM NaOH run over 20 
column volumes. The gradient o f the salt concentration varied dependant upon the 
length and charge (at pH 12) o f the oligonucleotide (Xu and Swann, 1992). The 
oligonucleotide peak was collected and 1 M acetic acid immediately added to 
adjust the pH to between 5 and 7. The purified DNA sample was desalted using a 
C l8 Sep-Pak cartridge (Waters) eluting with 50 % acetonitrile in water. The 
fractions containing DNA were dried using a SpeedVac and then re-dissolved in 
water. The purity o f  the oligonucleotides was assessed by ion exchange 
chromatography on a Mono Q column (see Figure 25).
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Figure 25 Typical trace of purification of oligonucleotide using Mono Q column
Red line is of the original unpurified oligonucleotide as supplied by Qiagen, the blue line is 
the oligonucleotide after ion exchange purification.
The concentration o f oligonucleotides was determined by measuring the 
absorbance at 260 nm and then calculating the concentration using Beer- 
Lambert’s Law (A = e.c.l) and assuming an extinction coefficient (e) o f 8.2 x 10' 
per nucleotide, calculated from Sambrook et al. (1989). Oligonucleotide samples 
were frozen with liquid nitrogen and kept at -20 °C.
3.1.3.1. Radioactive labelling o f  oligonucleotides with [y-32P] ATP 
Single-stranded oligonucleotides were radioactively labelled on the 5’-end with 
[y-32P]-ATP using Ready-To-Go1M T4 Polynucleotide Kinase (Amersham 
Pharmacia Biotech Inc.).
1 1 # 1 ; FPLC P ure --------1 1#2; Q ia g e n  C rude
UvrB-CNTL-TOP
.
f
-----  --------------- .................  A
78
3. MATERIALS AND METHODS
3.1.3.2. Preparation o f double-stranded oligonucleotide 
5’-labelled (either P or 6FAM) strands were mixed with the corresponding 
complementary strand in annealing buffer with 1.2 times excess o f the unlabelled 
strand to make sure that all the labelled strand was annealed as double-stranded 
oligonucleotide. The mixture was heated for 5 min at 70 °C, then slowly allowed 
to cool down to room temperature over approximately 2h to form the duplex.
3.1.4. Expression and Purification of thymine DNA 
glycosylase
3. 1. 4 . 1. Expression o f thymine DNA glycosylase
The pT7.7 expression vector containing the cDNA o f thymine DNA glycosylase 
(pT7-hTDG), was transformed into competent E.coli BL21-Gold (DE3) pLysS 
cells (Stratagene). 50 pi o f competent cells were put in a pre-chilled Falcon 2059 
tube, and 30 ng o f pT7-hTDG DNA was added to the tube and incubated on ice 
for 20 min. Then, heat-shock was given to the cells at 42 °C for 20 sec in a hot 
water bath. The tube was immediately placed on ice and left for 2 min. 500 pi o f 
pre-warmed (42 °C) SOC medium was added to the cells. The mixture was shaken 
horizontally at 37 °C for lh and then 150 pi o f the cells were spread over a pre­
warmed (37 °C) LB-agar plate containing 0.1 mg/ml ampicillin and 50 pg/ml o f 
chloramphenicol. The plate was incubated at 37 °C, overnight.
One colony was picked, and then inoculated in 2 ml o f LB medium containing 0.1 
mg/ml ampicillin and 50 pg/ml o f chloramphenicol. The culture was shaken at
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37°C for 8h, then 50 jxl o f the culture was used to inoculate 50 ml o f LB medium 
containing the same antibiotics. The culture was incubated with shaking at 37 °C 
overnight. Eight 2 1 flasks, each containing 400 ml o f pre-warmed (37°C) LB 
medium containing 0.1 mg/ml ampicillin were inoculated with 400 pi o f the 
overnight culture. The flasks were shaken at 37°C until the absorbance o f the 
culture at 595 nm was 0.8. Then, the temperature was lowered to 21°C and 
isopropyl (3-D-thiogalactopyranoside was added to a final concentration o f 0.6 
mM. The flasks were shaken for another 5 hours for expression o f TDG and cells 
were been recovered by centrifugation at 42,000 g for 10 min at 4°C. The final 
cell pellet (approximately 10 g lfom 3.2 L o f culture) was frozen with liquid 
nitrogen and stored at -20  °C.
3.1.4.2. Lysozyme Lysis ofE.coli cells
After thawing the cells, an equal volume o f lysis buffer containing 2.5 mg/ml of  
lysozyme (Sigma) and a cocktail o f protease inhibitors (complete EDTA-free, 
Roche) were added. The mixture was kept on ice for lh with occasional gentle 
mixing using a pipette. The lysis mixture was then sonicated for ten cycles o f 15 
seconds on, 15 seconds off. Then, deoxyribonuclease I (Sigma) and ribonuclease 
A (Sigma) was added to the lysis mixture to give a final concentration o f 20 pg 
per g o f E.coli cells. The lysis solution was incubated on ice for a further lh with 
occasionally mixing. Finally, the lysis solution was sonicated for ten cycles as 
before. The mixture was centrifuged at 40,000 g at 4 °C for 30 min and the 
supernatant containing the soluble TDG was decanted and kept on the ice.
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3.1.4.3. Bugbuster Lysis o f E.coli cells
The lysozyme method was used for small-scale preparation. However, later cell 
lysis was done using the following efficient method that gave better extraction o f  
proteins. Five times cell volume o f Bugbuster (Novagen) containing 2.5 mM DTT 
(or 2.5 mM p-mechaptoethanol), 1 mM phenylmethylsulfonylfluoride, a cocktail 
o f protease inhibitors (one tablet o f Complete Mini (Roche) per 10 ml lysis 
mixture) and 25 units/ml o f Benzonase (Novagen) was added to the thawed cells. 
The mixture was incubated for 5 minutes on ice with mixing, then spun down at 
16000 g for 20 minutes at 4 °C. Supernatant containing soluble TDG was kept on 
ice.
3.1.4.4. Purification o f TDG using a Mono S column
The NaCl concentration o f the lysis supernatant was adjusted to 150 mM by 
dilution with Mono S buffer A and then the solution loaded directly onto a lml- 
Mono S HR5/5 (Amersham Biosciences) anion-exchange column that had been 
pre-equilibrated with Mono S buffer containing 180 mM NaCl. TDG was eluted 
using a gradient o f 180 mM-360 mM NaCl in Mono S buffer over 20 column 
volumes. 1 ml fractions o f eluate were collected and then analysed by denaturing 
gel electrophoresis (Section 3.2.1) and by base excision assay on a CpG-T 
mismatch (Section 3.2.3) to ascertain which contained TDG. Fractions containing 
TDG (eluted at 320 mM NaCl) were pooled.
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3.1.4.5. Purification o f TDG using a Mono Q column
Pooled TDG fractions after Mono S column purification were further purified 
through a positively charged 1 ml-Mono Q HR5/5 column (Amersham 
Biosciences). The NaCl concentration o f the pooled Mono S fraction was diluted 
to 100 mM with Mono Q buffer A before loading onto the Mono Q column. TDG 
was eluted using a gradient o f 60 mM-360 mM NaCl in Mono Q buffer over 20 
column volumes. 400 pi fractions were collected and analysed by denaturing gel 
electrophoresis and by base excision assay on a CpG-T mismatch to determine 
which contained TDG. Fractions containing pure full-length TDG (eluted at 130 
mM NaCl) were pooled.
3.1.4.6. Preparation o f TDG stock
The NaCl concentration o f the pooled TDG fraction was adjusted to 500 mM with 
1 M NaCl. The volume o f the fraction was then reduced to < 250 pi using 
Centricon-30 (Amicon Inc.) centrifugal filtration device. Finally, 15 % o f glycerol 
and 5 mM DTT were added to the TDG solution. The TDG stock was divided into 
several tubes, then frozen with liquid nitrogen and stored at -70  °C. To determine 
the concentration o f TDG, five different concentrations o f TDG were incubated 
with 32P-labelled CpG-T oligonucleotide and then analysed using the band-shift 
assay (Section 3.2.2) as described in Waters & Swann (1998). The amount of 
bound and free oligonucleotide was measured by scintillation counting. In these 
reactions TDG will remove the mismatched thymine but because TDG binds to its 
product so tightly, all o f the TDG in these reactions is bound to DNA. Therefore 
the amount o f TDG is equal to the amount o f bound oligonucleotide. A plot o f
82
3 MATERIALS AND METHODS
amount o f TDG added versus amount o f bound oligonucleotide is linear and so 
the concentration o f  TDG can be determined from linear regression o f the data 
(Figure 27).
Volume of TDG added 
0.3pl 0.6|jl 0.9(jl 1,2pl 1,5|jl
Figure 26 Topical band-shift assay to determine concentration of TDG using 32P-ATP
rebelled oligonucleotides
50 nM oligonucleotide and varied volume of TDG were incubated. Top bands indicate 
oligonucleotide bound by TDG and bottom bands indicate free oligonucleotides. Each band 
was cut out to count radioactivity.
Liiear regression to determiie concentration o f  TDG
30
20
15
0 0 5 1 15
V olm e o f  TDG tnirEol)
Figure 27 Linear regression to determine concentration of TDG based on band-shift
(Figure 26)
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3.1.5. Expression and Purification of Un-Tagged human 
apurinic/apyrimidinic endonuclease 1 (APEX1)
3.1.5.1. Expression o f APEX 1
The pT7-7 expression vector containing the cDNA o f APEX1 was transformed 
into E.coli BL21-Gold (DE3) pLys S cells (Stratagene) by heat-shock following 
the suppliers protocol. The cells were mixed with SOC medium and incubated on 
the shaker at 37 °C (see Section 3.1.4.1 for detail). Then, the cells were spread 
over LB-agar plate containing ampicillin and chloramphenicol and incubated at 37 
°C, overnight.
One colony was picked, and then inoculated in subculture containing the same 
antibiotics. Then the subculture was used to inoculate eight 400 ml-LB medium 
containing ampicillin and then the culture was shaken at 37°C until absorbance o f  
the 400 ml-culture reached 0.8 at 595 nm. Then, 1 mM of IPTG was added to each 
flask. The flasks were incubated on the shaker for expression o f APEX1 for 
another 2 h at 37 °C. The cells were recovered and stored as described in Section
3.1.4.1.
The cells were lysed using the lysozyme lysis method described in Section
3.1.4.2.
3.1.5.2. Purification o f APEX1 using a Mono S column 
The lysis supernatant was loaded directly onto a Mono S HR5/5 column. A 
gradient o f 180 mM-600 mM NaCl in Mono S buffer over 20 column volumes 
was run and 1 ml fractions collected. Fractions were analysed by denaturing gel 
electrophoresis and the AP-endonuclease assay (Section 3.2.4). APEX1 did not 
bind and came straight through the column. These fractions were pooled and 
loaded back on the Mono S column and a gradient o f 300 mM-520 mM NaCl was 
run. Again, fractions were analysed by SDS-PAGE and the AP-endonuclease 
assay, and the APEX1 containing fractions (eluted at 440 mM NaCl) pooled.
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3.1.5.3. Purification o f APEX 1 using a Mono Q column 
The APEX1 pool from the second Mono S purification was reduced down to 250 
pi using a Vivaspin 4 centrifugal filtration device (Vivascience, Molecular weight 
cut-off = 10,000 MW). Because APEX1 binds poorly to the Mono Q column, 
injection o f a small volume is important. After reducing the volume the sample 
was diluted to 40 mM NaCl with Mono Q buffer A, and then loaded onto a Mono 
Q HR5/5 column. APEX1 was eluted using a salt gradient o f 36 mM-216 mM 
NaCl in Mono Q buffer over 20 column volumes. 400 pi fractions were collected 
and analysed by SDS-PAGE and the AP-endonuclease assay. Fractions containing 
pure APEX1 were pooled.
3.1.5.4. Preparation o f APEX 1 stock
The volume o f the Mono Q pool was reduced to < 250 pi using a Vivaspin 4 
centrifugal filtration device (Molecular weight cut-off = 10,000 MW) then 15 % 
glycerol and 5 mM DTT were added to the sample. To determine the 
concentration o f APEX1, five different concentrations o f enzyme were incubated 
with 32P-labelled CpG-AP oligonucleotide (prepared by treating CpGLJ 
oligonucleotide with uracil DNA glycosylase as described in Section 3.2.4) and 
then analysed using the band-shift assay (Section 3.2.2). The amount o f bound 
and free oligonucleotide was measured by scintillation counting and the 
concentration o f APEX1 determined from a plot o f amount o f APEX1 added 
versus amount o f bound oligonucleotides.
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3.1.6. Preparation of histidine-tagged human 
apurinic/apyrimidinic endonuclease 1 pET lOO/D-TOPO 
Expression Vector
The cDNA o f APEX1 from the pT7-7 expression vector was subcloned into pET 
lOO/D-TOPO vector (Invitrogen, see Appendix for the map) to attach an N- 
terminal histidine-tag for the pulldown assay (Section 3.2.6.).
3.1 .6 .1 . Am plification o f  cD N A  o f  APEX 1
The primers for PCR were designed so that a 5’-CACC sequence was added in 
front o f the ATG start codon o f APEX1. This CACC sequence is required for 
directional cloning o f  the PCR fragment into the pET lOO/D-TOPO vector via the 
topoisomerase ligation step (see Appendix).
<Primers o f APEX1>
Forward; 5 '  - C  ACC ATG CCG AAG CGT GGG AAA AAG G G - 3 '  (27-mer) 
Reverse; 5 ' -TCA CAG TGC TAG GTA TAG GGT G A T -3 ' (24-mer) 
(Primers were supplied by MWG.)
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5'-('ACCATGCCGAAGCGTGGGAAAAAGGG-3' Forward primer
1 ATGCCGAAGCGTGGGAAAAAGGGAGCGGTGGCGGAAGACGGGGATGAGCT 
51  CAGGACAGAGCCAGAGGCCAAGAAGAGTAAGACGGCCGCAAAGAAAAATG  
1 0 1  ACAAAGAGGCAGCAGGAGAGGGCCCAGCCCTGTATGAGGACCCCCCAGAT 
1 5 1  CAGAAAACCTCACCCAGTGGCAAACCTGCCACACTCAAGATCTGCTCTTG  
2 0 1  GAATGTGGATGGGCTTCGAGCCTGGATTAAGAAGAAAGGATTAGATTGGG  
2 5 1  TAAAGGAAGAAGCCCCAGATATACTGTGCCTTCAAGAGACCAAATGTTCA  
3 0 1  GAGAACAAACTACCAGCTGAACTTCAGGAGCTGCCTGGACTCTCTCATCA  
3 5 1  ATACTGGTCAGCTCCTTCGGACAAGGAAGGGTACAGTGGCGTGGGCCTGC  
4 0 1  TTTCCCGCCAGTGCCCACTCAAAGTTTCTTACGGCATAGGCGAGGAGGAG  
4 5 1  CATGATCAGGAAGGCCGGGTGATTGTGGCTGAATTTGACTCGTTTGTGCT  
5 0 1  GGTAACAGCATATGTACCTAATGCAGGCCGAGGTCTGGTACGACTGGAGT  
5 5 1  ACCGGCAGCGCTGGGATGAAGCCTTTCGCAAGTTCCTGAAGGGCCTGGCT  
60 1  TCCCGAAAGCCCCTTGTGCTGTGTGGAGACCTCAATGTGGCACATGAAGA  
65 1  AATTGACCTTCGCAACCCCAAGGGGAACAAAAAGAATGCTGGCTTCACGC
7 0 1  CACAAGAGCGCCAAGGCTTCGGGGAATTACTGCAGGCTGTGCCACTGGCT  
7 5 1  GACAGCTTTAGGCACCTCTACCCCAACACACCCTATGCCTACACCTTTTG
8 0 1  GACTTATATGATGAATGCTCGATCCAAGAATGTTGGTTGGCGCCTTGATT  
8 5 1  ACTTTTTGTTGTCCCACTCTCTGTTACCTGCATTGTGTGACAGCAAGATC  
9 0 1  CGTTCCAAGGCCCTCGGCAGTGATCACTGTCCTATCACCCTATACCTAGC
9 5 1  ACTGTGA
-5'
Figure 28 cDNA sequence of human apurinic/apyrimidinic endonuclease 1 showing where
PCR primers anneal
62.5 ng o f pT7-7-APEXl vector, 0.2 pM o f each primer and 125 pM o f each 
dNTPs were added to 50 pi o f PCR mixture, following the manufacturers 
protocol. Lastly, Vent DNA polymerase was added to the mixture. PCR was 
carried out using 25 cycles o f 94 °C for 30 sec, 55 °C for 45 sec, and 75 °C for 1 
min. At the end o f the last cycle the temperature was held at 75 °C for 10 min and 
then decreased to 4 °C.
The PCR product was examined on a 1 % agarose gel run in TAE buffer at 20 
V/cm for 40 min and then stained with ethidium bromide.
The major PCR band, which was the size expected for the cDNA o f APEX1 (961 
bp), was cut out and extracted from the gel using a QIAquick gel extraction kit 
(Qiagen).
87
3. MATERIALS and METHODS
3.1.6.2. Ligation o f APEX1 into pET lOO/D-TOPO vector and 
Transformation into One Shot®TOPO10 cells
8.5 ng o f the purified PCR product was mixed with 10 ng o f pET lOO/D-TOPO® 
vector (Invitrogen) following the manufacturers instructions, which recommend a 
5-fold molar excess o f PCR product over vector. The mixture was mixed gently 
and incubated for 5 min at room temperature. Then, the reaction was put on ice.
3 pi o f  the ligation mixture was put into a vial containing 50 pi o f One Shot® 
TOPOIO cells (Invitrogen) and mixed gently. The mixture was kept on ice for 15 
min and then placed in a hot bath (42 °C) for 30 sec. The vial was immediately put 
back on ice for 2 min. 250 pi o f room temperature SOC medium was added and 
the transformation mixture shaken at 37 °C for 30 minutes. 150 pi o f the culture 
was spread on a pre-warmed LB agar plate containing 0.1 mg/ml ampicillin and 
incubated overnight at 37 °C. The next day, one colony was picked to inoculate 5 
ml o f LB medium containing 0.1 mg/ml ampicillin, and shaken overnight at 37 
°C.
3.1.6.3. Verification ofpET-100/D-TOPO-His-APEXl Vector
The 3 ml overnight culture was used for a mini-scale preparation o f plasmid DNA 
using a QLAprep spin miniprep kit (Qiagen) following the manufacturers 
instructions.
The purified plasmid DNA was digested with a restriction enzyme, SacI (New 
England Biolabs), to confirm the presence o f the insert and that it was in the 
correct orientation (see Section 4.2.).
The clone that contained the insert in the right direction, was further cultured in 
100 ml o f LB medium containing 0.1 mg/ml ampicillin to prepare more plasmid 
DNA for sequencing and storage. After overnight culture at 37 °C, cells were 
harvested by centrifugation and then plasmid DNA purified using a HiSpeed 
Plasmid Maxi Kit (Qiagen) following the manufacturers protocol. DNA 
sequencing o f the purified plasmid (University o f Cambridge sequencing service) 
confirmed that the insert was successfully ligated in pET lOO/D-TOPO.
88
3. MATERIALS and METHODS
3.1.7. Expression and Purification of Histidine-Tagged 
human apurinic/apyrimidinic endonuclease 1 (His-APEXl)
3.1.7.1. Expression o f His-APEXl
The His-APEXl pET expression vector was transformed into BL21-Gold (DE3) 
pLys S cells and His-APEXl expressed as described in Section 3.1.5.1.
3.1.7.2. Purification o f histidine-tagged APEX 1
The cells were lysed with lysozyme as described in Section 3.1.4.2. except that the 
lysis buffer did not contain EDTA. The lysis supernatant was directly loaded onto 
a nickel-charged 1 ml HiTrap™ Chelating HP column (Amersham Bioscience) 
that had been equilibrated with 30 mM imidazole in HiTrap buffer. The histidine- 
tagged APEX1 was eluted using a gradient o f 30 mM-160 mM imidazole in 
HiTrap buffer over 10 column volumes. 1 ml fractions were collected and then 
analysed for histidine-tagged APEX1 by SDS-PAGE and AP-endonuclease 
activity. Fractions containing His-APEXl, which eluted at 70 mM imidazole, 
were pooled and kept at 4 °C.
The pool containing His-APEXl was diluted to 156 mM NaCl with Mono S 
buffer A and then loaded onto a 1 ml-Mono S column. The histidine-tagged 
APEX1 was eluted with a gradient o f 160 mM-460 mM NaCl in Mono S buffer 
over 20 column volumes, collecting 1 ml fractions. Fractions were analysed by 
SDS-PAGE and the AP-endonuclease assay. The His-APEXl containing fractions 
were pooled (eluted at 290 mM NaCl), and the volume reduced with a Vivaspin 4 
centrifugal filtration device (molecular weight cut-off = 10,000 MW). The 
concentration o f  His-APEXl was estimated using the Bio-Rad protein dye- 
binding assay (Bradford, 1976).
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3.2. Experimental Procedures
3.2.1. Denaturing Gel Electrophoresis (SDS-PAGE) of 
Proteins
10 % acrylamide Bis-Tris, NuPAGE® gels (Invitrogen) were used to separate 
proteins. Protein samples were prepared in NuPAGE® LDS Sample Buffer 
(Invitrogen) that contained 5 % (3-mercaptoethanol, then heated for 5min at 90 °C. 
Gels were run with denaturing, NuPAGE® 2-(V-morpholino) ethane sulfonic acid 
SDS Running Buffer (Invitrogen) at 30 V/cm gel. Gels were stained using Silver 
Stain Plus Kit (Biorad) following the manufacturers instructions.
3.2.2. Band-shift assay
1.5 mm-thick nondenaturing 6 % polyacrylamide (ratio o f Acrylamide to Bis- 
acrylamide = 19:1) gels were pre-run at 20 V/cm in 0.5 x TBE for lh to elute ions 
and un-polymerised acrylamide. TDG was incubated with the appropriate 32P- 
labelled DNA in binding buffer (see Table 4) at room temperature for 2 hours. 10 
pi o f each binding mixture was loaded onto a pre-run gel and electrophoresis 
performed at 11 V/cm in 0.5 x TBE buffer for 1 h at a temperature o f  between 15 
and 20°C. Following electrophoresis, the gel was dried and exposed to an X-ray 
film (Kodak).
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3.2.3. Assay of Glycosylase Activity
NpG-X (see Table 6 for explanation o f nomenclature) oligonucleotides, 5’- 
labelled in the X containing strand with either 32P or 6FAM, were mixed in 
reaction buffer with TDG. Reactions were carried out at room temperature. The 
excision reaction was terminated by adding to quench solution 1 (quench solution 
2 for ethenocytosine oligonucleotides since the glycosidic bond o f ethenocytosine 
is susceptible to hydrolysis in strong basic condition) and then heating at 90 °C for 
30 min to break phosphodiester bond at the abasic site. Then, the cleaved DNA 
was separated from full length unreacted oligonucleotide by cation-exchange 
chromatography using a 0.1 ml POROS HQ column (PerSeptive Biosystems). 
Typically, the DNA was eluted by a gradient elution o f 420 mM-600 mM NaCl in 
FPLC buffer A and B over 32 column volumes but sometimes {e.g. when using 
oligonucleotides o f  a different length) the gradient was adjusted to ensure that 
product and substrate peaks were adequately separated (see Figure 29).
Figure 29 Typical trace of separation of 
oligonucleotide substrate and product 
from a glycosylase reaction by ion 
exchange chromatography and 
radioactive monitoring
The first peak corresponds to un­
incorporated free 32P-ATP (from the 
labeling reaction), the second 
corresponds to reacted short 
oligonucleotides (product) and the third 
intact oligonucleotides. The figure was 
taken from Waters and Swann (1998).
Time (min)
Radiolabelled DNA was detected by Cerenkov counting using a Berthold LB 506 
C-l monitor and fluorescently labelled DNA was detected by fluorescence 
emission at 525 nm (excitation at 494 nm) using a RF-10A Xl detector (Shimazu). 
The peaks were quantified by integration.
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3.2.3.1. Measurement o f Kd and K2 Kinetic Constants for TDG Base 
Excision
As discussed in the introduction, the TDG base excision reaction can be described 
by the scheme shown below (where E stands for enzyme, S for substrate and P for 
product).
__
E + S ES kl >EP  V<v^ to"’> >E + P  
^ T —
With most TDG substrates, kofr is so slow (~ 10'5 s _1) that it can be assumed to be 
essentially zero and the product release step ignored. The rates o f  reaction for 
each o f the components in the scheme can thus be written as follows.
d[E]/dt = -ki*[E]*[S] + /c.i*[ES] 
d[S]/dt = -/fi*[E]*[S] + /c-i*[ES] 
d[ES]/dt = /ci*[E]*[S] - /ci*[ES] - k2*[ES] 
d[EP]/dt = £2*[ES]
The k2 constant gives the rate o f the actual base excision step and can be 
determined from the maximum rate o f reaction achieved when the enzyme is 
saturated with substrate. The ratio o f  k_i/ki gives the binding dissociation constant 
(K<|) for substrate binding to the enzyme and can be determined from the 
dependence o f reaction rate on enzyme and substrate concentration. To measure 
values o f k-i/ki and k2 single turnover reaction rates were measured for equimolar 
amounts o f TDG and oligonucleotide at seven different TDG/substrate 
concentrations. Reactions were carried out as described in the above section 
except that the reaction buffers contained 140 mM rather than 50 mM KC1. 
Reaction rates were measured by removing samples at different times from the 
same reaction mixture, quenching and then determining the extent o f base 
excision as described above. Data for all seven concentrations were fitted 
simultaneously to the rate equations shown above using the differential equation
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solving program Berkeley Madonna (version 8.0.1; www.berkeleymadonna.com). 
The program was used to obtain the best fit o f the theoretical lines to all o f  the 
experimental data by varying the values o f ki, k_i and k2 . Approximate values of  
Kd and k2 from preliminary experiments were used to adjust concentrations so 
that they were 0.1, 0.2, 0.5, 1, 2, 5 and 10 times the approximate value o f IQ and 
to adjust the time that samples were removed so that five time points were 
obtained for the first -30% o f the reaction was measured.
3.2.3.2. Inhibition Assay
In order to study the affinity o f TDG for thymine or 3,AAethenocytosine bases, 
the reaction o f CpG-T was measured in the presence o f thymine or ethenocytosine 
base to see if either base could inhibit excision. Since up to 5 mM of both bases 
had no effect, single stranded 34-ner oligonucleotide containing either thymine 
(bottom strand o f CpG-T) or ethenocytosine (bottom strand of CpG eC) were 
tested as inhibitors. Because TDG does not react with single-stranded DNA (Abu 
and Waters, 2003), they were expected to act reversible inhibitors. 25 nM of 
fluorescent labelled CpG-T mismatch oligonucleotide, and either no inhibitor, 250 
nM o f thymine-containing single stranded oligonucleotide or 60 nM of 3 JV4- 
ethenocytosine-containing single stranded oligonucleotide were mixed with 25 
nM TDG in reaction buffer containing 140 mM KC1 and incubated at room 
temperature. Samples were removed at various times, quenched and analysed by 
ion exchange chromatography as described in Section 3.2.3.
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3.2.4. Assay of AP Endonuclease Activity
500 nM of 34-mer oligonucleotide containing a U-G mismatch and 5 nM of  
Herpes simplex uracil DNA glycosylase (a kind gift from Renos Savva, Birkbeck 
College, UK) were pre-incubated in reaction mixture at room temperature for 1 h 
to allow uracil DNA glycosylase to excise all o f the uracil to produce the abasic 
site substrate o f APEX1. Samples o f diluted fractions from the APEX1 
purification were added to the abasic DNA, incubated for 2 min at room 
temperature and then the mixture was loaded directly onto a 0.24 ml Mini-Q 
(Amersham Biosciences cation-exchange chromatography column. Cleaved 
abasic oligonucleotide was separated from intact, full-length abasic 
oligonucleotide using a gradient of 500 mM-650 mM NaCl in FPLC buffer over 
13 column volumes. The absorbance o f substrate and product was monitored at 
260 nm.
3.2.5. Assay of TDG Displacement by APEX1
In this assay, the reaction o f TDG with an excess o f substrate can be enhanced by 
addition o f APEX1, which displaces the TDG from its abasic product. Typically, 
10 nM o f TDG and 100 nM (15 nM fluorescent labelled and 85 nM non-labelled) 
of oligonucleotide substrate and variable amounts o f APEX1 were incubated at 
room temperature in reaction buffer. Samples were removed at various times and 
put in quench solution 1 (quench solution 2 for ethenocytosine oligonucleotides) 
followed by heating at 90 °C for 30 min to break the phosphodiester bond at 
abasic sites. Cleaved DNA therefore includes both abasic oligonucleotides cut by 
APEX1 and abasic oligonucleotides cleaved by this hot hydroxide treatment. 
Cleaved oligonucleotides were separated from intact substrate by ion exchange on 
a POROS HQ column as described in Section 3.2.3.
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3.2.5.1. Displacement Assay with different length o f oligonucleotides 
When APEX1 is present, TDG is dissociated from the abasic site and allowed to 
catalyse more substrates. However, we do not know how APEX1 approaches the 
complex o f TDG-abasic site nor how the DNA strands are involved during the 
displacement. To study the influence o f flanking DNA length on APEX1 
displacement o f TDG from abasic sites, eight oligonucleotides o f varied length 
and varied position o f the mismatch were prepared (see Table 7). The sequences 
of oligonucleotides were designed using the DNase I footprint experiment o f TDG 
carried out by Scharer, et al. as a guide (Scharer et al., 1997).
20 nM TDG was incubated with 24 nM o f fluorescent labelled (6-FAM) 
oligonucleotide in reaction buffer containing 50 mM KC1 for lh at room 
temperature. During this pre-incubation TDG removes the mismatched thymine 
from the FAM labelled G T substrate so that all o f the TDG is now bound to the 
abasic product o f that substrate. A sample o f this was analysed by HPLC 
(monitoring fluorescence) to confirm that the TDG reaction on the 6FAM 
oligonucleotides completed. Then, 20 nM o f 32P labelled 34-mer CpG-T ‘reporter’ 
oligonucleotide, followed by none or 50 nM o f APEX1, were added to the 
reaction mixture to study how much TDG was dissociated from the FAM labelled 
substrate to process the 32P labelled reporter oligonucleotide. Samples were 
removed at various time intervals, quenched and then the amount o f thymine 
removed from the reporter oligonucleotide analysed as described in Section 3.2.3.
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3.2.6. Pulldown Assay
To prepare the nickel-charged resin, Ni-NTA agarose (Qiagen) was washed with 
water and spun down to remove supernatant. Then, the resin was re-charged with 
nickel by mixing with 0.1 M Nickel sulphate, washed with water and then 
incubated in pulldown reaction buffer for 15 min at 4 °C. 30 pi o f pulldown 
reaction buffer containing either 500 nM TDG, 1.75 pM histidine-tagged APEX1, 
or both, was incubated for 15 min at 4 °C. 9 pi samples o f each mixture were 
taken out and mixed with 3 pi o f 4 x NuPAGE® LDS Sample Buffer for SDS- 
PAGE analysis. 2 pi o f prepared agarose resin was added to the remainder o f each 
reaction mixture and then incubated for lh 30min at 4 °C. After the incubation, 
the mixtures were spun down and 9 pi o f supernatant was added to 3 pi o f 4 x 
NuPAGE® LDS Sample Buffer. The resin was then washed twice with 45 pi o f  
washing buffer. After discarding supernatant, 10 pi o f 1 x NuPAGE® LDS 
Sample Buffer was added to the pellet. All samples were analysed by SDS-PAGE 
as described in Section 3.2.1.
3.2.7. Assay for Protein-Protein Interaction using Isothermal 
Titration Calorimetry (ITC; MicroCal™)
Isothermal titration calorimetry (VP-ITC) was used to detect interaction o f TDG 
and His-APEXl. 2 ml o f 6 pM TDG and 1 ml o f 60 pM His-APEXl were 
prepared for one experiment. After purification o f the proteins, they were 
extensively dialysed in the same Mono Q buffer containing 200 mM NaCl. TDG 
was put in the sample cell and the temperature equilibrated to 30 °C. Then 15 pi of 
His-APEXl was injected every 2.5 min, repeating for 17 times. The heat produced 
after every injection was monitored.
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4.1. Purification of Thymine-DNA Glycosylase
The cDNA o f human thymine-DNA glycosylase was expressed in E.coli BL21- 
Gold (DE3) pLysS cells using pT7-7 vector (see Figure 30). The transformed cells 
were allowed to grow in the presence o f ampicillin. Expression o f the desired 
protein was induced by IPTG and at lower temperature (21 °C). Approximately 8 g 
of cells were harvested from 3.2 1 o f culture.
pT7-7
(2473 bp)
Figure 30 The map of plasmid, pT7-7
It contained cDNA of thymine DNA glycosylase or human apurinic/apyrimidinic 
endonuclease 1 between EcoR I and Hind III restriction sites.
The cells were lysed with lysozyme and sonication, and then the mixture was 
centrifuged (see Materials and Methods).
The supernatant from the cell lysis was directly loaded onto a Mono S column 
(see Section 3.1.4.4). Initially, purification o f TDG suffered from substantial 
degradation as shown in Figure 31.
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M ono S Purification o f  TDG
TDG N o heat
M M  S FT 8 9 10 II 12 13 14 14 15 16
I
 A M  • p ■ ^
I Hggggie TDG degradation products
TDG
Figure 31 SDS-PAGE showing purification of TDG using Mono S column
M stands for marker, S for supernatant of lysis mixture, FT for flow-through and numbers 
are collected 1 ml fractions. One sample of Fraction 14 was not heated before loading on the 
gel to examine if heating caused the degradation of TDG.
The trace o f TDG purification with Mono S showed a broad peak (Fraction 11 -  
16 in Figure 31) using a gradient o f 180 mM-360 mM NaCl. As indicated in the 
graph, majority o f  TDG was degraded and a small fraction o f  full-length TDG 
(eluted at 320 mM NaCl) was present. Heating samples (at 90 °C for 5 min) 
before loading onto the SDS-PAGE was not the major cause o f  the degradation 
(see Fraction 14). Later, purification methods were improved by adding extra 
protease inhibitors and by using the faster Bugbuster lysis method (Section
3.1.4.3).
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TDG
M
Mono S Purification o f  TDG  
15 16 17 18 19 20  21 22
TDG
TDG degradation 
product
Figure 32 SDS-PAGE of later Mono S purification showing reduced degradation of TDG
Mono S fractions containing intact TDG were pooled and then loaded onto a Mono Q column 
for further purification (see Figure 33).
Mono Q Purification o f  TDG  
30 34 39 44 46 56 58 60 63 67
BSA
60 kD
*
50 kD j -  TDG degradation 
product
Figure 33 SDS-PAGE showing purification of TDG using Mono Q column
TDG was eluted from the Mono Q column at 130 mM NaCI. As seen in Figure 33, full-length 
TDG was well separated from the degradation products. Fractions were examined by TDG 
assay and fractions containing full-length TDG were pooled. This final step of purification 
yielded pure TDG. The volume was reduced to give approximately 25 pM of TDG
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4.2. Purification of Apyrimidinic/apurinic 
Endonucleas 1
Non-tagged cDNA o f APEX1 (pT7-7) was expressed in E.coli and purified twice 
using a Mono S column. Although it did not bind well in the first round of 
purification with a Mono S (a gradient o f 180 mM-600 mM NaCl), the majority of 
contaminants were eliminated. In the second Mono S purification (a gradient of 
300 mM-520 mM NaCl), APEX1 was eluted at 440 mM NaCl. Finally, pure 
APEX1 was yielded from purification using a Mono Q column (a gradient o f 36 
mM-216 mM NaCl), which eliminated contaminants that bound to the column 
(see Section 3.1.5.2 and 3.1.5.3).
4.2.1. Preparation of histidine-tagged APEX1
APEXl was required to put a histidine tag for pull-down assay that examines 
protein-protein interaction with TDG. It was known that a tag at the N-terminal of 
APEXl did not interfere activity o f APEXl (Tini et al., 2002). Therefore, the 
cDNA o f APEXl (pT7-7) was subcloned into pETlOO/D-TOPO (see Figure 34).
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ATG 6xHis EK £ £  ™EQ toff, T7 term
pET100/D-TOPO
5764 bp
Comments for pEHOO/D-TOPO 
5764 nucleotides
T7 promoter: bases 209-225 
T7 promoter priming site: bases 209-228 
lac operator ilacO): bases 228-252 
Ribosome binding site (RBS): bases 282-288 
Initiation ATG: bases 297-299 
Polyhistidine (6xHis) region: bases 309-326 
Xpress” epitope: bases 366-389 
EK recognition site: bases 375-389 
TORO*1 recognition site 1: bases 396-400 
Overhang: bases 401-404 
TOPO* recognition site 2: bases 405-409 
T7 reverse priming site: bases 466-485 
T7 transcription termination region: bases 427-555 
bla promoter: bases 856-954 
Ampicillin {bla) resistance gene: bases 955-1815 
pBR322 origin: bases 2022-2757 
ROF ORF: bases 3001-3192 (complementary strand) 
lad  ORF: bases 4507-5595 (complementary strand)
Figure 34 The map of pETIOO/D-TOPO
The cDNA of human apurinic/apyrimidinic endonuclease 1 was inserted in this plasmid in 
order to add the histidine tag at the N-terminal.
The directional TOPO cloning system (Invitrogen) was employed (see 
Appendices). First o f all, the cDNA o f APEXl in pT7-7 was amplified using 
primers that added 5’-CACC-3’ in front o f a start codon, ATG, in PCR (see 
Section 3.1.6.1). The PCR reaction was examined in a 1 % agarose gel (Table 5).
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PCR product 
(961 bp)Marker
cDNA of APEXl
Figure 35 Agarose gel illustrating amplification of cDNA of APEXl
The PCR was successful and the product migrated at the expected size (961 bp), 
as shown in Figure 35. The amplified cDNA was purified from the gel and put in 
the ligation mixture with pET lOO/D-TOPO (Section 3.1.6.2). After 
transformation, a few clones were cultured and plasmid DNAs were prepared to 
verify the ligation by restriction digestion using SacI (Section 3.1.6.3).
If the ligation was successful SacI would cut at two sites in the construct; one is 
54 base pairs into the APEXl insert and the second is 15 base pairs downstream 
o f the insert (see Figure 36 below). Thus, products o f digestion were expected to 
be 922 bp and 5803 bp. After incubation for 2h at 37 °C the SacI digestion was 
loaded onto a 1 % agarose TAE gel and the gel run at 20 V/cm for 45 min. 
Ethidium bromide staining o f the gel revealed two strong bands at -6000 bp and 
-900  bp, indicating that the plasmid contained the APEXl cDNA inserted in the 
correct direction.
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Correct Insert. Gives: 922 bp + 5803 bp fragments
Incorrect Insert,
SacI
SacI
Gives: 69 bp + 6656 bp fragments
No Insert
SacI
Gives: 5764 bp fragment
Figure 36 Expected sites of restriction digestion of pET-IOO/D-TOPO-His-APEXI Vector 
with SacI
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Clone
Marker
V ecto r
Cut-out
Figure 37 Restriction digestion (SacI) of ligated pETlOO/D-TOPO to confirm the insert in the
right direction
Clone 18 showed the expected size o f cut-out (922 bp), which confirmed that the 
insert was in the right direction. Thus, Clone 18 was cultured in large-scale.
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4.2.2. Purification of histidine-tagged APEXl (His-APEXl)
E.coli expressing histidine-tagged APEXl (in the previous section) were cultured, 
and then harvested. The cells were lysed and centrifuged to obtain supernatant 
that was directly loaded on to HiTrap1M Nickel-Chelating HP column (Section 
3.1.7.2).
His-APEXl was purified using a gradient o f  30 mM-160 mM imidazole, and 
eluted at 70 mM imidazole (see Figure 38). Fractions were examined for AP 
endonuclease activity and fractions containing histidine-tagged APEXl were 
pooled.
Fractions
M ori FT 1 2 5 7 9 10 12 13 14 15 APEXl
(kDa) 3  m  m  w  
sr  ss= ■
90  —  His-APEXl
3 0  *
Figure 38 SDS-PAGE showing Purification of histidine-tagged APEXl
A; supernatant of lysis was directly loaded onto the histidine-trapping HiTrap column. 
Fraction 10-15 was pooled. M stands for marker, ori for origin of load, and FT for flow­
through.
Although this step gave almost pure A PEXl, the pooled fractions were loaded 
onto Mono S column for further purification (Section 3.1.7.2). Fractions from the 
Mono S column were analysed by SDS-PAGE (see Figure 39) and assayed for
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AP-endonuclease activity. Some His-APEXl went straight through the column, 
however, the His-APEXl (which eluted at 290 mM NaCl) had no visible 
contaminating protein bands. Fractions containing pure His-APEXl were pooled, 
and then volume o f the pool was reduced to give approximately 25 or 100 pJM o f 
His-APEXl.
APEX l ori FT Fractions o f  a peak 
M 1 2  3
APEXl
Figure 39 Mono S purification of Histidine-tagged APEXl 
M stands for APEXl marker, ori for original of load and FT for flow-through.
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4.3. Kinetic Study of Human Thymine DNA 
Glycosylase
TDG has a relatively broad range o f substrates and a sequence preference. The 
sequence preference is in the order o f CpG-T »  TpG-T > GpG-T > ApG-T 
(Cross and Bird, 1995; Sibghat-Ullah et a l , 1996; Waters and Swann, 1998). The 
most preferred sequence was CpG-T, and this evidence supports the hypothesis 
that TDG was evolved to cope with deamination o f 5-methylcytosine in CpG 
sites. The two groups (Hang et al., 1998; Saparbaev and Laval, 1998) have 
reported that ethenocytosine is excised by TDG, and it would be a better substrate 
for TDG than thymine. They reached the conclusion with kcat and Km, but not with 
the dissociation constant (Kd = k_i/kj) and the effect o f neighbouring sequence. 
Since we do not know occurrence o f ethenocytosine has a bias toward a particular 
sequence context, it is important to study effect o f adjacent sequence in cleavage 
of ethenocytosine. In this project, Kd and k2 (see Scheme 2) for thymine and 
ethenocytosine mismatched with guanine in various sequence contexts (i.e. 
CpG-T, TpG-T, CpG-eC, TpG-eC, GpG-eC and ApG-eC) were measured, to 
characterize the excision reaction o f TDG.
Kinetics is expressed in terms o f the rates o f chemical reactions based on the Law 
of Mass Action. The law, proposed by Guldberg and Waage in 1867, says that the 
rate o f reaction is proportional to the product o f the concentration o f each reactant 
(Palmer, 1995). A degree o f how fast the reaction takes place is expressed as the 
rate constant, k. Thymine DNA glycosylase shows a single turnover reaction, 
which means that one molecule o f TDG reacts with one molecule o f substrate, and
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TDG stays bound with its product, an abasic site. Therefore, the schematic 
mechanism o f the reaction is:
  ^ kE + S ES k 2 > EP
* - z r -
Scheme 2 The kinetic mechanism of enzymatic reaction
At the first step, the enzyme (E) and the substrate (S) form a complex (ES). This step is 
considered to be fast and reversible. The rate constant of formation of the ES is depicted as 
kt, and of disassociation of the ES indicated as k.j. The dissociation constant, IQ is expressed 
by lci/kt. In the second step, the enzyme catalyses a chemical reaction with the catalytic 
constant, k2 forming a complex of enzyme-product (EP). This scheme was derived from the 
theory developed by Brown in 1902, L. Michaelis and M. L. Menten in 1913.
4.3.1. Comparison of a conventional Lineweaver-Burk plot
with Berkeley Madonna for determination of KM and kcat
In order to compare two different methods (a conventional Lineweaver-Burk plot 
and Berkeley Madonna differential equation solving program) for calculating kcat 
and Km, a fictional set o f data for an enzyme reaction that follows Michaelis- 
Menten theory (Scheme 3) was calculated (presented in Table 8).
 kj~ ^  kE + S E S — l^ E  + P
< *_i
Scheme 3 The kinetic mechanism of enzymatic reaction based on the theory developed by 
Brown in 1902, then L. Michaelis and M. L. Menten in 1913
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Brown in 1902, then L. Michaelis and M. L. Menten in 1913
5 nM Substrate
Time
(sec) Fraction of Substrate 
reacted
Concentration of 
Substrate reacted (nM)
0.0 0.0000 0.000
11.7 0.0250 0.125
23.6 0.0500 0.250
35.8 0.0750 0.375
48.3 0.1000 0.500
10 nM Substrate
Time
(sec) Fraction of Substrate 
reacted
Concentration of 
Substrate reacted (nM)
0.0 0.0000 0.000
12.6 0.0250 0.250
25.4 0.0500 0.500
38.5 0.0750 0.750
51.8 0.1000 1.000
20 nM Substrate
Time
(sec) Fraction of Substrate 
reacted
Concentration of 
Substrate reacted (nM)
0.0 0.0000 0.000
16.8 0.0250 0.500
33.8 0.0500 1.000
51.0 0.0750 1.500
68.5 0.1000 2.000
50 nM Substrate
Time
(sec) Fraction of Substrate 
reacted
Concentration of 
Substrate reacted (nM)
0.0 0.0000 0.000
29.3 0.0250 1.250
58.8 0.0500 2.500
88.5 0.0750 3.750
118.5 0.1000 5.000
100 nM Substrate
Time
(sec) Fraction of Substrate 
reacted
Concentration of 
Substrate reacted (nM)
0.0 0.0000 0.00
50.1 0.0250 2.50
100.4 0.0500 5.00
151.0 0.0750 7.50
201.8 0.1000 10.00
Table 8 A fictional data set of chemical reaction that follows Michaelis-Menten theory 
A concentration of enzyme used in this fictional reaction is 0.03 nM.
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This fictional data (Table 8) was created using values o f  kcat = 2 s '1 and Km = 20 
nM and an enzyme concentration o f 0.03 nM for an enzyme that follows 
Michaelis-Menten theory. However, a 10 % error for the enzyme concentration 
was engineered into the data for 5 nM substrate to demonstrate how the different 
methods for calculating kcat and Km may be affected by experimental errors in real 
data.
A Conventional Method fo r  Determining kcat & KM using Lineweaver-Burk plot 
A graph o f the fraction o f substrate reacted against time for the fictional data 
(Table 8) was plotted in Figure 40. As the concentration o f enzyme rises, the 
progress curve becomes steeper, indicating that the rate o f reaction is increasing. 
The velocity o f each reaction can be calculated from the slope o f these plots.
I ll
4. RESULTS and DISCUSSION (1); Kinetic Study o f  Human Thymine DNA Glycosylase
y = 0.00209x
A  plot o f F raction  o f S u b str a te  rea c ted  a g a in s t  T im e
y = 0 .00194x y = 0.000846X
y = 0.000496x
0.10
TJ<D
0 O.O8(0a>
a>
2  0.06
<n-Q
CO
0.04
co
ro 0.02
0.00
100 150 200500
5 nM Substrate 
10 nM Substrate 
20 nM Substrate 
50 nM Substrate 
100 nM Substrate 
Linear (5 nM Substrate) 
Linear (10 nM Substrate) 
Linear (20 nM Substrate) 
Linear (50 nM Substrate) 
Linear (100 nM Substrate)
T im e  ( s e c )
Figure 40 The linear curves of fraction of substrate reacted over the initial time period 
Concentrations of substrate are 5, 10, 20, 50 and 100 nM, and enzyme is 0.03 nM.
The slope o f each linear curve (Figure 40) was read as an initial velocity and 
summarized in Table 9.
5 0 . 0 0 2 0 9 0 . 0 1 0 4 5
10 0 . 0 0 1 9 4 0 .0 1 9 4
20 0 . 0 0 1 4 7 0 .0 2 9 4
5 0 0 . 0 0 0 8 4 6 0 .0 4 2 3
100 0 . 0 0 0 4 9 6 0 .0 4 9 6
Table 9 A table of Concentration of Enzyme and Initial Velocity of the fictional data 
* The initial velocity was obtained from the slope of linear curves in Figure 40.
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Km and Vmax can be determined from a Lineweaver-Burk plot o f  1/V versus 1/[S]
(where V = velocity calculated from the slope o f linear curve in Figure 40).
Michaelis-Menten Equation: v0 = , 2, -° -
Therefore: 1/V = l/(kcat*[Eo]) + (Km/(kcat*[Eo]))*l/[S]
A plot o f 1/V versus 1/[S] has:
An intercept o f  l/(kcat*[Eo])
And a gradient o f Km/(kcat*[Eo])
The Lineweaver-Burk was plotted using Table 10 (Figure 41).
0.2 9 5 .7
0.1 5 1 .5
0 .0 5 3 4 .0
0.02 2 3 .6
0.01 20.2
Table 10 A table of 1/|S) and 1/V
A fictional data of Lineweaver-Burke plot
<0
T—I5
c
£
-0.05 0 0.05 0.1 0.15 0.2
1/IS] (nM-1)
Figure 41 A Lineweaver-Burk plot of fictional data
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From the Lineweaver-Burk plot, the Y-intercept (= 1/Vmax) is 14.87 nM 1 s. 
Therefore Vmax = 0.0673 nM s'' and since Eo = 0.03 nM, kcat = 2.24 s '1. The 
gradient o f the Lineweaver-Burk plot is 396.5 s, and this represents K.M/Vmax. 
Therefore, KM = (396.5/14.87) = 26.7 nM.
Determination o f  kcat & KM o f  the fictional data using Berkeley Madonna 
The differential equation solving programme Berkeley Madonna was used to 
estimate kcal and KM of the enzyme for the same set o f fictional data (Table 8). 
The Michaelis-Menten equations were specified in Berkeley Madonna (Figure 42) 
and the differential equations were solved by the Runge-Kutta 4 method using a 
fixed-stepsize integration method.
As a first step, initial guesses o f a minimum and maximum value for one or more 
parameters (in this case k]? kmi and k2) are input. Berkeley Madonna generates the 
curve defined by the initial values and tries to adjust the parameters, to minimise 
the deviation most between the model’s output and an imported dataset. The 
deviation is the root mean square o f  the differences between the experimental data 
point and the point in the model. The parameters o f the model are adjusted so as 
to provide the best-fit value to the experimental data. The experimental datasets 
are used as piecewise-linear functions in the specified model’s equations. 
Berkeley Madonna repeatedly runs the model by varying the value o f parameters 
until the curve reaches closest to the data points using linear interpolation.
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METHOD RK4 
STARTTIME = 0 
STOPTIME = 220 
DT = 0.001
E = 0.03 
X = 20
INIT Ea = E 
INIT Sa = X/4 
INIT ESa = 0 
INIT Pa = 0 
Ma = Pa/(X/4)
d/dt(Ea) = -k1*Ea*Sa + km1*ESa + k2*ESa 
d/dt(Sa) = -k1*Ea*Sa + km1*ESa 
d/dt(ESa) = k1*Ea*Sa - km1*ESa - k2*ESa 
d/dt(Pa) = k2*ESa
INIT Eb = E 
INIT Sb = X/2 
INIT ESb = 0 
INIT Pb = 0 
Mb = Pb/(X/2)
d/dt(Eb) = -k1*Eb*Sb + km1‘ESb + k2*ESb 
d/dt(Sb) = -k1*Eb*Sb + km1*ESb 
d/dt(ESb) = k1*Eb*Sb - km1*ESb - k2*ESb 
d/dt(Pb) = k2‘ ESb
INIT Ec = E 
INIT Sc = X 
INIT ESc = 0 
INIT Pc = 0 
Me = Pc/(X)
d/dt(Ec) = -k1*Ec*Sc + km1*ESc + k2*ESc 
d/dt(Sc) = -k1*Ec*Sc + km1*ESc 
d/dt(ESc) = k1*Ec*Sc - km1*ESc - k2*ESc 
d/dt(Pc) = k2*ESc
INIT Ed = E 
INIT Sd = 2.5*X 
INIT ESd = 0 
INIT Pd = 0 
Md = Pd/(2.5*X)
d/dt(Ed) = -k1*Ed*Sd + km1*ESd + k2*ESd 
d/dt(Sd) = -k1‘Ed*Sd + km1*ESd 
d/dt(ESd) = k1*Ed*Sd - km1*ESd - k2*ESd 
d/dt(Pd) = k2*ESd
INIT Ee = E 
INIT Se = 5*X 
INIT ESe = 0 
INIT Pe = 0 
Me = Pe/(5*X)
d/dt(Ee) = -k1*Ee*Se + km1*ESe + k2*ESe 
d/dt(Se) = -k1*Ee*Se + km1*ESe 
d/dt(ESe) = k1*Ee*Se - km1*ESe - k2*ESe 
d/dt(Pe) = k2*ESe
k1 = 10 
km1 = 200 
k2 = 2
Figure 42 Michaelis-Menten Equations specified in Berkeley Madonna
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Note that the above equations allow Madonna to fit all o f the data for all o f the 
substrate concentrations simultaneously. The result o f Berkeley Madonna 
displayed that the calculated curves were almost same as actual data points (the 
graph is not shown) with the values o f parameters; 
kcat ~ 2.00 s'1 and Km = 19.8 nM.
Sum man'
The results o f two different methods were summarised in Table 11.
kcat Km (nM) 
= Mk!
Lineweaver-Burk 2.24 26.7
Berkeley Madonna 2.00 19.8
Table 11 Summary of and KM obtained by two different methods; the Lineweaver-Burk
plot and Berkeley Madonna
The results indicated that the two different methods reached approximately 
equivalent values o f kcat and Km. The outputs o f Berkeley Madonna are much 
closer to the theoretical values (kcat = 2 s'1 and KM = 20 nM) than those o f  
Lineweaver-Burk plot. This is due to the Lineweaver-Burk plot being influenced 
by the error created in the data o f 5 nM. Because the Lineweaver-Burk is a plot of 
the reciprocal o f the substrate concentration, it is particularly susceptible to errors 
at low substrate concentrations. In contrast, Berkeley Madonna is much less
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influenced by one diverted data set since it attempts to resolve best values to fit all 
o f the data at the same time.
Therefore, Berkeley Madonna is a useful tool that is comparable, and in some 
circumstances superior to, conventional plotting methods for calculating rate 
constants in enzyme reactions. However, it is particularly useful for reaction 
schemes, such as that o f TDG, that have rate equations that cannot be solved. In 
these cases, rate parameters cannot be determined using conventional linear 
plotting techniques.
4.3.2. Optimising Conditions for Measuring Kj and k2 
Kinetic Constants
Initial experiments to determine Kd and k2 for the single turnover reaction o f TDG 
with the CpG eC substrate in 50 mM KC1 found that Kd was too small (< 0.01 
nM) to measure under these reaction conditions. The Berthold HPLC radioactivity 
monitor can accurately measure down to 3 pmol o f 32P labelled oligonucleotide 
and this corresponds to 0.3 ml o f 0.01 nM; the maximum volume that can sensibly 
be loaded onto the POROS HQ column. Therefore, 0.01 nM is the lowest 
concentration o f oligonucleotide that can be measured using this glycosylase 
assay. Negatively-charged DNA is surrounded by positively-charged counter ions. 
When a protein binds DNA some o f these counter ions are displaced. Increasing 
the concentration o f positive ions in the mixture lowers the binding o f  most DNA- 
binding proteins through, it is thought, simple competition between counter ions
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and protein for binding sites on the DNA (Hard and Lundback, 1996). Increasing 
the KC1 concentration to 150 mM did indeed increase Kd for the TEX} reaction 
with both CpG-T and CpG-eC oligonucleotides. However, because Kd was so 
much larger for CpG-T than for CpG-eC, the Kd for CpG-T was now so large that 
prohibitively large quantities o f oligonucleotide and TDG would be needed to 
measure it accurately. Therefore, a concentration o f KC1, which allowed Kd for 
thymine and ethenocytosine substrates to be measured under the same reaction 
conditions, was needed. This was quite difficult because too much KC1 made Kd 
for CpG-T too large to measure and too little KC1 made Kd for CpG-eC smaller 
than is detectible by this assay. A KC1 concentration o f 140 mM was found, by 
trial and error, to be suitable for measuring the Kd o f both substrates.
In order to determine accurately Kd and k2 values, reaction rates must be measured 
over several substrate (and enzyme) concentrations ranging from about 0.1 x Kd 
to about 10 x Kd. In addition, for each concentration samples must be removed at 
the right time intervals to give an accurate measure o f the rate. Rough Kd and k2 
values for each substrate were measured in preliminary experiments and then used 
to design subsequent, more accurate, experiments. Normally, five samples were 
removed for each concentration at intervals equally spread over the first ~30 % of 
the reaction.
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Here is an example o f FPLC analysis o f TDG reaction (Figure 43). 50 nM o f TDG 
and 32P-labelIed CpG T were allowed to react, and then quenched at five different 
times (see Table 12). The radioactive oligonucleotide was separated into two 
peaks; product (i.e. thymine-excised oligonucleotide) and intact substrate, by an 
ion-exchange column. The area o f peaks was integrated under product and intact 
substrate peaks.
Example of FPLC Traces
900
800
700
600
§ 500 
O
£  400
CO
300
200
100
5 73 6 80 1 2 m
------------CpG.T-1
------------CpG.T-2
------------CpG.T-3
------------CpG.T-4
—— — CpG.T-5
Figure 43 An example of FPLC analysis of TDG reaction 
(50 nlYl of TDG and 32P-labellcd CpG-T; see Table 12), which monitors radioactive count
The first peak corresponds to free 32P that was not incorporated into oligonucleotide during 
labelling, the second peak indicates a product of TDG reaction (i.e. a fraction of thymine 
excised) tha t is eluted earlier than an intact substrate (the third peak). The area was 
integrated to obtain a fraction of product. The graph shows analysis of the reaction tha t was 
quenched at five different times; CpG-T-1 to C pG 'T -5 .
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4.3.3. Determination of IQ and k2 for NpGT and NpG-eC 
substrates
Under the determined experimental conditions described above time-course 
assays were carried out and the kinetic parameters Kd and k2 obtained using the 
Madonna curve-fitting program. Initially, values o f ki, k_i, and k2 were allowed to 
vary in the curve fitting program but this always gave values for ki that were 
faster than the diffusion limit (109 s']M_1) (Fersht, 1985). However, we found that 
kj could be changed by several orders o f magnitude without significantly altering 
the value o f Kd derived from the curve fit (although changing ki resulted in the 
curve fit giving a different value for k_i, the ratio o f k_i/ki was not changed).
O |  1
Subsequently k] was fixed at 10 s' M' (a fairly typical on-rate for a DNA- 
binding protein) (Fersht, 1985) for all curve fitting. The kinetic experiments for 
each substrate were repeated at least three times and the values for Kd and k2 from 
each experiment averaged.
Initial concentrations and differential equations for each substance based on the 
model (Scheme 2) were specified in the Equation Window o f Berkeley Madonna, 
see as an example below:
STARTTIME = 0 
STOPTIME = 600 
DT = 0.1
INT (E) = 25 
INT (S) = 25 
INT (ES) = 0 
INT (EP) = 0
d[E]/dt = -*r[E]*[S] + k-i*[ES] 
d[S]/dt = -/c1*[E]*[S] + /c_!*[ES] 
d[ES]/dt = /q *[E]*[S] - k_S[ES] - Ar2*[ES] 
d[EP]/dt = /c2*[ES]
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One example o f the curve fitting results for determining K<j and k2 o f the base 
excision reaction o f TDG with each substrate is given below.
Table 12 - Table 17 were experimental data obtained from time-course assay for 
each substrate. These data were imported to Berkeley Madonna, and the curve- 
fitting program output Figure 44 - Figure 49. Some o f the data points do not 
exactly match with calculated lines. This is thought to happen due to pipetting 
error when one deals with very low concentration o f substrate (and enzyme), such 
as ethenocytosine.
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Substrate 1: Thymine mismatched with guanine in CpG sequence; CpG'T
2 .5  nM o f  S u b stra te /T D G  5  nM 1 2 .5  nM
3 4 0 .0 9 7
6 4 0 .1 1 3
9 6 0 .1 5 3
1 2 8 0 .1 8 2
1 6 0 0.201
6 0
120 0 .0 9 7
1 8 0 0 .1 1 9
2 4 0 0 .1 5 6
3 0 0 0 .1 7 5
120
2 4 0 0.100
3 6 0 0.121
4 8 0 0 .1 5 5
6 0 0 0 .1 7 7
2 5  nM 5 0  nM 1 2 5  nM 2 5 0  nM
1 8 0 .0 8 1
3 6 0 .1 4 3
5 4 0 .2 0 5
7 2 0 .2 4 6
9 0 0 .3 2 7
1 7 0 .0 9 4
3 4 0 .1 7 0
51 0 .2 2 8
68 0 .3 1 4
8 5 0 .3 3 5
2 4 0 .0 9 7
4 8 0 .1 4 7
7 2 0.201
9 6 0 .2 3 6
120 0 .3 0 0
2 8 0 .0 9 6
5 6 0 .1 3 3
8 4 0 .1 8 0
112 0 .2 0 3
1 4 0 0 .2 4 8
Table 12 The experimental datasets of excision of mismatched thymine in the CpG sequence
Run 1: 24000 steps in 0.183 seconds
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Figure 44 Time course assay of TDG reaction with substrate; C pG 'T
Seven different equim olar concentrations (2.5 to 250 nM) of C pG 'T  and TDG were studied 
for the rate of single-turnover thymine excision. There were five samples quenching for each 
concentration of the reaction. The data for all seven different concentration of the reaction 
were analysed using the curve-fitting Berkeley M adonna softw are and fitted simultaneously 
to the reaction scheme given in Scheme 2 to give values for Kd and k2.
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Substrate 2: Thymine mismatched with guanine in TpG sequence; TpG-T
5  nM o f  S u b stra te /T D G  1 2 .5  nM 2 5  nM
4 0 0 0 0 .0 7 8
8 0 0 0 0 .1 3 8
12000 0 .1 8 1
1 6 0 0 0 0 .2 3 3
2 0 0 0 4 0 .2 5 8
5 0  nM
9 6 0 0 .0 8 1
1 9 2 0 0 .1 4 5
2 8 8 0 0 .1 9 0
3 8 4 0 0 .2 3 9
4 8 0 0 0 .2 7 1
2 4 0 0 0 .0 9 9
4 8 0 0 0 .1 5 7
7 2 0 0 0 .2 1 7
9 6 0 0 0 .2 7 1
12000 0 .3 3 1
1 2 5  nM
7 2 0 0 .0 9 8
1 4 4 0 0 .1 5 4
2 1 6 0 0 .2 0 6
2 8 8 0 0 .2 5 9
3 6 0 0 0 .3 0 6
1 6 0 0 0 .0 9 1
3 2 0 0 0 .1 5 2
4 8 6 0 0 .2 1 7
6 4 0 0 0 .2 6 6
8 0 0 0 0 .3 1 8
2 5 0  nM
6 8 0 0 .0 9 3
1 3 6 0 0 .1 5 9
2 0 4 0 0.210
2 7 2 0 0 .2 7 5
3 4 0 0 0 .3 0 4
Table 13 The experim ental datasets of excision of mismatched thym ine in the TpG sequence
Run 1: 40008 steps in 0.35 seconds
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Figure 45 Time course assay of TDG reaction with substrate; TpG-T
Six different equim olar concentrations (5 to 250 nM) of TpG-T and TDG were studied for the 
rate of single-turnover thymine excision. T here were five samples for each concentration of 
the reaction. The data for all six different concentration of the reaction were analysed using 
the curve-fitting Berkeley M adonna software and fitted simultaneously to the reaction 
scheme given in Scheme 2 to give values for Kd and k2.
123
4. RESULTS and DISCUSSION (1); Kinetic Study o f  Human Thymine DNA G lycosylase
Substrate 3: Ethenocytosine mismatched with guanine in CpG sequence;
CpG-eC
0 .0 1  nM o f  S u b stra te /T D G  0 .0 2  nM 0 .0 5  nM
1 6 0 0 .1 7 6
3 2 0 0 .1 8 8
4 8 2 0 .2 3 4
6 4 0 0 .2 7 8
8 0 0 0 .3 0 6
4 5 0 0 .1 4 3
9 0 0 0 .1 8 9
1 3 5 0 0 .1 9 0
1 8 0 0 0 .2 1 3
2 2 5 0 0 .2 4 4
B
2 6 0 0 .1 5 0
5 2 0 0 .2 4 7
7 8 0 0 .3 0 6
1 0 4 0 0 .3 5 5
1 3 0 0 0 .3 9 9
0 .1  nM 0 .2  nM 0 .5  nM 1 nM
9 0 0 .1 5 8
1 8 0 0 .1 8 8
2 7 0 0 .2 4 7
3 6 0 0 .2 8 5
4 5 0 0 .3 2 2
8 0 0 .0 9 3
1 6 0 0 .1 8 0
2 4 0 0 .1 9 7
3 2 0 0 .2 8 4
4 0 0 0 .3 0 1
~100 0 .1 1 3
200 0 .1 7 7
3 0 0 0 .2 3 9
4 0 0 0 .2 9 6
5 0 0 0 .3 0 0
120 0 .1 3 8
2 4 0 0.211
3 6 0 0 .2 6 3
4 8 0 0 .3 2 1
6 0 0 0 .3 4 4
Table 14 The experim ental datasets o f excision of mismatched ethenocytosine in the CpG
sequence
Run t: 22500 steps in 0.167 seconds
T3
0.35 -
^  0.05 -
1500 2000500 1000 25000
Time (s)
Figure 46 Time course assay of TDG reaction with substra te ; CpG-cC
Seven different equim olar concentrations (0.01 to 1 nM) of CpG-eC and TDG were studied 
for the rate of single-turnover ethenocytosine excision. There were five samples for each 
concentration of the reaction. The data for all seven different concentration of the reaction 
were analysed using the curve-fitting Berkeley M adonna softw are and fitted simultaneously 
to the reaction scheme given in Scheme 2 to give values for Kd and k2.
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Substrate 4: Ethenocytosine mismatched with guanine in TpG sequence;
TpGsC
0 .0 4  nM o f  S u b stra te /T D G  0 .0 8  nM 0 .2  nM
3 3 8 0 0 .1 2 9
6 7 6 0 0 .2 0 8
1 0 1 4 0 0 .2 8 6
1 3 6 4 0 0 .3 1 8
1 7 0 8 0 0 .3 9 1
1 8 0 0 0 .1 7 1
3 6 0 0 0 .2 3 6
5 4 0 0 0 .2 9 6
7 2 0 0 0 .3 4 8
9 0 0 0 0 .4 1 2
5 7 6 0 0 .1 2 3
1 1 5 2 0 0 .1 8 3
1 7 2 8 0 0 .2 6 8
2 3 0 4 0 0 .3 2 7
2 8 8 0 0 0 .3 6 9
0 .4  nM 0 .8  nM 2  nM 4  nM
6 6 0 0.110
1 3 2 0 0 .1 4 0
1 9 8 0 0.222
2 6 4 0 0 .2 7 7
3 3 0 0 0 .3 0 5
9 0 0
1 8 0 0 0 .1 6 0
2 7 0 0 0 .1 9 4
3 6 0 0 0 .2 8 6
4 5 0 0 -------
5 4 0 0 .0 9 0
1 0 8 0 0 .1 4 3
1 6 2 0 0 .1 8 3
2 1 6 0 0 .2 4 5
2 7 0 0 0 .2 8 1
1200 0 .1 2 7
2 4 0 0 0.210
3 6 0 0 0 .2 6 8
4 8 0 0 0 .3 2 3
6 0 0 0 0 .3 9 1
Table IS The experimental datasets of excision of mismatched ethenocytosine in the TpG
sequence
Run 1:14400 steps n  0.117 seconds
■o
50000
Time (s)
Figure 47 Time course assay of TDG reaction with substrate; TpG-cC
Seven different equim olar concentrations (0.04 to 4 nM ) of TpG*eC and TDG were studied 
for the rate of single-turnover ethenocytosine excision. There were five samples for each 
concentration of the reaction. The data for all seven different concentration of the reaction 
were analysed using the curve-fitting Berkeley M adonna software and fitted simultaneously 
to the reaction scheme given in Scheme 2 to give values for K<j and k2.
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Substrate 5: Ethenocytosine mismatched with guanine in GpG sequence;
GpGeC
0 .0 4  nM o f  S u b stra te /T D G  0 .0 8  nM 0 .2  nM
1 9 5 0 0 .0 9 8
3 9 0 0 0 .1 3 3
5 8 5 0 0 .1 6 2
7 8 0 0 0 .2 1 3
9 7 5 0 0 .2 4 3
1020 0 .1 4 1
2100 0 .1 3 1
3 0 6 0
4 0 8 0 0.221
5 1 0 0
3 3 9 0 0 .0 8 5
6 8 7 0 0 .0 7 2
1 0 0 8 0 0 .0 9 3
1 3 5 6 0 0 .0 9 3
1 6 9 5 0 0 .1 0 7
0 .4  nM 0 .8  nM 2  nM 4  nM
3 6 0 0 .0 6 6
7 2 0 0 .1 5 6
1 0 8 0 0 .1 9 6
1 4 4 0 0.221
1 8 0 0 0 .2 8 7
4 2 0 0 .0 6 1
8 4 0 0 .0 7 2
1 2 6 0 0 .0 8 5
1 6 8 0 0.112
2100 0 .1 2 5
5 4 0 0 .0 7 9
1 0 8 0 0 .0 9 9
1 6 2 0 0 .1 5 9
2 1 6 0 0 .1 8 4
2 7 0 0 0 .2 0 4
7 2 0 0 .0 9 8
1 4 4 0 0 .1 2 8
2 1 6 0 0 .1 3 7
2 8 8 0 0 .1 5 7
3 6 0 0 0.201
Table 16 The experimental datasets of excision of mismatched ethenocytosine in the GpG
sequence
Run 1 17000 steps In 0.15 seconds
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o
E9cc» 02c
"5
0 2000 4000 6000 8000 le+ 4  126+ 4  1 4e+4 1.6e+4 1.8e+4
Time (s)
Figure 48 Time course assay of TDG reaction with substrate; GpG*eC
Seven different equim olar concentrations (0.04 to 4 nM) of GpG-cC and TDG were studied 
for the rate of single-turnover ethenocytosine excision. There were five samples fo r each 
concentration of the reaction. The data for all seven different concentration of the reaction 
were analysed using the curve-fitting Berkeley M adonna software and fitted simultaneously 
to the reaction scheme given in Scheme 2 to give values for Kd and k2.
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Substrate 6: Ethenocytosine mismatched with guanine in ApG sequence;
ApG'eC
0 .0 3  nM o f  S u b stra te /T D G  0 .0 6  nM 0 .1 5  nM
2 2 8 0 0 0.020
6 7 0 2 0 0 .0 7 4
8 2 8 0 0 0 .0 8 7
1 1 7 3 4 6 0 .0 9 7
1 6 8 9 0 0 0 .1 1 9
1 2 2 4 0 0 .0 1 7
2 4 0 0 0 0 .0 3 0
4 7 4 0 0 0 .0 6 3
9 8 9 5 4 0 .1 2 3
1 2 1 2 1 4 -------
3 0 0 0 0 0 .0 1 7
6 6 9 6 0 0 .0 5 9
1 1 7 4 0 6 0 .0 8 0
1 6 8 9 6 0 0.110
0 .3  nM 0 .6  nM 1 .5  nM 3  nM
5 4 0 0 0 .0 6 8
1 1 8 8 0 0 .1 0 3
1 6 3 2 0 0 .1 5 8
2 1 9 6 0 0 .2 2 4
3 1 2 0 0 0 .2 7 8
6 0 0 0 0 .0 2 9
1 2 2 4 0 0 .0 4 2
1 9 2 0 0 0 .1 0 8
2 4 0 0 0 0 .1 3 5
4 5 8 4 0 0 .2 2 7
7 5 0 0 0 .0 3 7
1 5 0 0 0 0 .0 2 4
2 2 5 0 0 0 .0 6 9
3 1 6 8 0 0 .1 1 7
4 7 1 6 0 0 .1 8 4
9 1 2 0 0 .0 3 3
1 9 4 4 0 0 .0 5 0
3 1 5 0 0 0 .0 3 5
4 7 2 8 0 0 .1 4 6
9 8 8 3 4 0 .2 7 6
Table 17 The experim ental datasets o f excision of mismatched ethenocytosine in the ApG
sequence
Run 1: 85000 steps in 0.917 seconds
0 .2 -
0.15 -
0
Time (s)
Figure 49 Time course assay of TDG reaction with substra te ; A pG 'tC
Seven different equim olar concentrations (0.03 to 3 nM ) of ApG-cC and TDG were studied 
for the rate of single-turnover ethenocytosine excision. T here w ere five samples fo r each 
concentration of the reaction. The data for all seven different concentration of the reaction 
were analysed using the curve-fitting Berkeley M adonna softw are and fitted simultaneously 
to the reaction scheme given in Scheme 2 to give values for and k2.
127
4. RESULTS and DISCUSSION (1); Kinetic Study o f  Human Thymine DNA Glycosylase
Kd and k2 values were determined by averaging the results o f at least three 
separate experiments. The Kd and k2 for GpG-T and ApG-T substrates could not 
be attained because the reaction rates were too slow to allow accurate 
determination under these experimental conditions. The results are given in Table 
18 and the significant findings discussed point by point below.
Substrate
( O
Kd
(nM)
Specificity constant, k2/Kd 
(p M 'V )
CpG-T 7.71 (±0.38) x 10 J 40.6 (±4.8) 0.192 (±0.014)
TpGT 0.118 (±0.056) x 10'3 33.7 (±7.5) 0.0034 (±0.0010)
CpG eC 1.22 (±0.04) x 10"3 0.0525
(±0.0125)
25.1 (±7.6)
TpGeC 0.167 (±0.024) x 10'3 0.33 (±0.11) 0.56 (±0.20)
GpG-EC 0.251 (±0.016) x 10'3 0.789 (±0.193) 0.325 (±0.060)
ApGeC 0.0190 (±0.0016) x 10 3 1.26 (±0.30) 0.0154 (±0.0024)
Table 18 Kinetic constants, k2 and Kd for the excision rate of TDG with different substrates (CpG-T, 
TpG T, C pG eC , TpG cC , G pG eC, and ApG cC)
These were determined by a time-course assay. The concentration range used for G*T mismatch 
was from 2.5 -  250 nM, G*cC was from 0.01 -  4 nM, and the concentration of TDG was kept the 
same as that of the substrate. The data was fitted to the model given in Scheme 2 single-turnover 
reaction. The concentrations of KC1 and MgCl2 were 140 mM and 2.5 mM, respectively, and 
reactions incubated at 25 °C. Errors in brackets are S.D. for at least three different experiments.
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4.3.4. CpGT and CpGeC; thymine or ethenocytosine in CpG 
sequence
The results showed that k2 (corresponding to the actual enzymatic step) for CpGT 
(7.71 x 10'3 s'1) was six times faster than that o f CpG-eC (1.22 x 10'3 s'1). The k2 
for the CpG T substrate obtained in this experiment and that obtained in (Waters 
and Swann, 1998) are reasonably similar (7.71 xiO"3 s'1 and 15.2 xiO'3 s'1 
respectively). In addition, MED4, which possesses a thymine glycosylase function 
from G-T mismatches, exhibits a similar value o f 12xl0'3 s'1 (Petronzelli et al., 
2000).
The difference in Kd between CpG T and CpG-eC was remarkable. The IQ for 
CpGsC (0.0525 nM) is nearly 800-fold smaller than that o f CpGT (40.6 nM). 
This means that TDG binds the ethenocytosine-mismatched substrate more readily 
than the thymine-mismatched substrate. The binding action o f TDG probably 
involves initial recognition o f the mismatched base, followed by flipping o f the 
mismatched base out o f the double-stranded DNA into a separate binding site. 
Therefore IQ must be a consequence not only o f how tightly TDG binds the 
substrate through specific contacts to the mismatched base (and the neighbouring 
sequence), but also how easily the base is flipped out o f the DNA duplex. Flipping 
involves breaking the hydrogen bonds between the target base and the 
mismatched guanine. Hence, there are two possible reasons for the small Kd for 
ethenocytosine substrates. One is that TDG may have a stronger affinity for an 
ethenocytosine base itself than for a thymine base. The second is that flipping out 
ethenocytosine is thermodynamically much easier than flipping out thymine. This 
latter explanation seemed feasible from structural studies o f G-T and GeC  
mismatches (See Figure 50 and Figure 51)(Allawi and SantaLucia, 1998; Cullinan 
et al., 1997; Hunter et al., 1987). NMR studies revealed that a DNA duplex 
containing the GeC base pair showed a slight bend at the lesion but no major 
perturbation o f the sugar-phosphate backbone (Cullinan et al., 1997). The 
ethenocytosine is displaced toward the major groove and is poorly stacked with 
the adjacent bases while the complementary base, guanine is not shifted and 
remains stacked. This distorted, and unstable structure has one hydrogen bond 
between the ethenocytosine and the mismatched guanine (Allawi and SantaLucia,
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1998; Cullinan et al., 1997). In contrast, thymine in a G-T mismatch is displaced 
into the major groove, but is well stacked with the adjacent bases and the 
complementary guanine is pushed toward the minor groove (Hunter et al., 1987). 
The G-T mismatch is called a “wobble” base pair and is quite stable having two 
hydrogen bonds between the guanine and the thymine. Thermodynamic studies 
showed that a 15-mer duplex containing a G*eC mismatch lowered the melting 
temperature relative to the control duplex (containing a G-C base pair) by 11.6 °C 
whereas a G-T mismatch destabilised by only 7.2 °C (Sagi et al., 2000). Another 
group found that a single G-eC in a 13-mer duplex induces a thermodynamic 
destabilization (AAG) o f -13.8 kcal/mol (Gelfand et al., 1998). It is therefore 
quite possible that the less stable G-sC base pair can be kinked and the 
ethenocytosine flipped out by TDG more efficiently than it can flip out thymine 
from a G-T mismatch (Sagi et al., 2000).
To examine which factor caused the large difference in Kd between CpGT and 
CpG-eC free ethenocytosine and thymine bases were used as inhibitors (see Table 
19 and Figure 52). If the rate o f excision is inhibited significantly more by free 
ethenocytosine in the reaction mixture than by free thymine, one can deduce that 
the small Kd of ethenocytosine-mismatched substrate comes from TDG making 
better contact with the flipped out ethenocytosine base itself than with flipped out 
thymine.
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h C W
Figure 50 Structure of a G-T mismatch determined by a X-ray crystallography 
The figure was taken from H unter et al. (1987).
eC
Figure 51 Structure of an ethenocytosine paired with guanine
The figure was taken from an NMR study by Cullinan et al. (1997). These structural studies 
(Figure 50 and Figure 51) revealed that the G-cC base pair is distorted tha t causes unstable 
structure if compared with the structure of G-T mismatch pair tha t integrates well in the 
double stranded DNA. It shows that the G-eC base pair only has one hydrogen bond between 
them while the G-T pair manages to have two hydrogen bonds that guarantee more 
thermodynamic stability.
This inhibition experiment was performed with 0.1 nM o f fluorescently labelled 
C pG T oligonucleotide and TDG in reaction buffer in the presence o f no inhibitor, 
ethenocytosine base or thymine base. No inhibition was observed in the presence 
o f up to 5 mM o f either o f the bases (result now shown). One possible reason for 
this lack o f inhibition is that TDG does not have a strong enough affinity for the 
bases and may require additional contacts with the backbone o f DNA. 
Subsequently, another inhibition experiment was attempted using a single­
stranded oligonucleotide inhibitor that contains either an ethenocytosine or
* T 1 Mil
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thymine at the same position. The single-stranded oligonucleotide does not have a 
rigid structure and there are no base-pairing hydrogen bonds or base stacking 
interactions. Therefore, one can eliminate the difference o f flipping-out energy 
between ethenocytosine and thymine single-stranded inhibitors. Consequently, the 
degree o f inhibition should only depend upon the affinity o f TDG for the target 
base. It is known that single-stranded DNA is not catalysed by TDG (Saparbaev 
and Laval, 1998) and therefore behaves as a reversible inhibitor. The reaction of 
25 nM fluorescent-labelled CpG T oligonucleotide and equimolar TDG, in 
reaction buffer was measured in the absence o f inhibitor or in the presence of 
either single-stranded oligonucleotide containing ethenocytosine or single­
stranded oligonucleotide containing thymine. The experiments were repeated with 
several different concentrations o f inhibitors until concentrations were found 
which highlighted the degree o f inhibition between thymine and ethenocytosine 
single-stranded inhibitors (Table 19 and Figure 52).
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Inhibitor; N o n e  Inhibitor; 2 5 0  nM Inhibitor; 6 0  nM
(C ontrol)___________  s . s .  O ligo  with T s . s .  O ligo  with e C
3 0.101
6 0 .1 6 7
10 0 .2 4 3
1 5 0 .2 9 9
20 0 .3 5 6
3 0 .0 8 0
6 0 .1 2 8
10 0 .1 8 7
15 0 .2 3 7
20 0 .2 9 8
3 0 .1 3 8
5 0 .2 0 4
6 .5 0 .2 5 6
8 0 .2 9 2
10 0 .3 5 8
Table 19 The Effect of Inhibition of TDG reaction with single-stranded oligonucleotides
25 nM of fluorescent-labelled CpG-T mismatch oligonucleotide and 25 nM TDG were 
incubated with each inhibitor.
TihbTnn o f  IDG jsactbn by a s h g b -  stranded olgonucbotde  
(Ihyn b e  or EtherKxrytDsiie)
CcnttDl
—■■ - 250 rM o f  T i i  s s  
DNA
6 0  nM o f  eC  
i t  S 3  DNA
0 5 10 15 20
Tine frnii)
Figure 52 Inhibition experiment by a single-stranded oligonucleotide tha t contains either 
thymine or ethenocytosine at the same position
This graph was plotted from the data, Table 19.
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The rate o f reaction with 25 nM of substrate was inhibited approximately 50% by 
250 nM single-stranded oligonucleotide that contains thymine, and approximately 
35% by 60 nM single-stranded oligonucleotide that contains ethenocytosine. In 
other words, the single-stranded oligonucleotide that contains ethenocytosine 
inhibited the rate o f TDG reaction three times more than single-stranded 
oligonucleotide that contains thymine. This inhibition experiment indicates that 
TDG has approximately three-fold greater affinity for ethenocytosine than for 
thymine and so affinity for the flipped out base cannot be the main factor 
responsible for the 800-fold difference o f Kd between CpGT and CpG-eC. Thus, 
the 800-fold difference o f Kd most likely comes from TDG requiring much less 
energy to flip out ethenocytosine from a CpG-eC base pair than to flip out thymine 
from a CpG T mismatch.
Based on a crystal structure, Barrett, et al. (1998) suggested that the bacterial 
homologue o f TDG, MUG, pushes out the base by insertion o f a “wedge” 
(Glyl43, Leul44, and Argl46) rather than by pulling the base into the binding 
pocket via strong affinity (Barrett et al., 1998). This assumption agrees with the 
result obtained in this project, which is that binding o f TDG to the substrate relies 
on flipping out o f the base rather than strong affinity o f the binding pocket. TDG 
probably probes the DNA, using a wedge similar to that in MUG. Then when it 
comes across a weaker base pair in a CpG sequence, it secures itself on the DNA 
by forming specific contacts with the neighbour sequence and pushes out the 
modified base and simultaneously makes specific contacts with the widowed 
guanine. This postulate is different from the idea that TDG may recognize the 
ethenocytosine itself when it flips out the base (Saparbaev and Laval, 1998). 
Therefore, the fast reaction o f TDG with ethenocytosine comes from the unstable 
structure o f G eC base pair rather than the specificity o f  the binding pocket for the 
ethenocytosine itself. Once ethenocytosine or thymine at a CpG site is flipped out, 
the glycosidic bond o f thymine is cleaved faster than that o f  ethenocytosine.
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4.3.5. CpG T and TpG T; effect of the base pair 5’ to the 
mismatched guanine on thymine excision
The difference in specificity constant between CpG T and TpG T was nearly 60- 
fold. This means that TDG must make specific contacts with the 5’ C G pair o f a 
CpG T mismatch. The large difference in specificity comes from CpG T having a 
greater k2 with virtually no difference in Kd and so this contact seems not to have 
any effect on formation o f the enzyme-substrate complex. Instead it contributes to 
efficient TDG catalysis by stabilizing the transition-state and reducing the 
activation energy. This agrees with a methylation interference study indicating 
that TDG has a strong contact with the 7-nitrogen o f the guanine in the 5’ C G 
base pair (Scharer et al., 1997). Furthermore, as Waters and Swann (1998) and 
Barrett et al. (1998; 1999) have suggested, the N -l hydrogen o f the mismatched 
guanine might form a hydrogen bond with the TDG peptide inserted into the 
DNA. Waters et al. have also implied that the contacts that TDG makes to the 5’- 
C G base pair and the mismatched guanine are cooperative (Waters and Swann, 
1998). As a sequence alignment o f TDG with E.coli homologue MUG shows 
(Figure 53), a region unique to TDG (AAs 276 -  289 shown in pink in the 
alignment) might play an important role for recognition o f 5’ C G base pair. 
Because the region starts right after a “wedge” region that might have a specific 
contact with the mismatched guanine, which is implying that the unique region 
might lie near by the 5’-C G base pair.
This sequence dependence o f the TDG reaction strongly implies that the enzyme 
has evolved to repair the G-T mismatches that arise from 5-methylcytosine 
deamination. Because cytosine is only methylated at CpG sequences deamination 
would produce a CpG-T mismatch.
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Human TDG and E. coli MUG Alignment
Hum an1 MEAENAGSYSLQQAQAFYTFPFQQLMAEAPNMAVVNEQQMPEEVPAPAPAQEPVQEAPKG 
E . c o l i l  ------------------------------------------------------------------------------------------------------------------------------------
Hum an61  RKRKPRTTEPKQPVEPKKPVESKKSGKSAKPKEKQEKITDTFKVKRKVDRFNGVSEAELL 
E . c o l i l  ------------------------------------------------------------------------------------------------------------------------------------
H u m a n l2 1  TKT I B fP T F N lp fiB l i B W m aIykB hhB pG — — C MSgL§;: [vHNHM^DHT  
E . c o l i l  - m " e W a P ( I R '  Bf< m t s m  ^ B G T lF P ^ A H K T O B a v  |q a |f > .  ]rB k P Q |A Q H
H u m a n l8 1  B p G k B g iB fB n  ES % gSPGSK^MSKlFiFE S 3 3 j l i  E5 I O k B B r I  AVFNH SciElall FSK 
E .  C O H 5 9  iL -D B R C gvgK ; §  gpgVQAN^ S k q I l ^ a M k I I e B  IecE SE  > A L A I lB o a B o G —
H u m a n 2 4 1 E V F G V K V ^N L E j g L |P H K g P E ) |E T L C Y V M H s S A g  :A Q F P R A Q D K V H Y Y 0 K g K D § R  ■ QL 
E .  C O l i l l  6 -----------FSQ0GAQ; gK gT L T §G S|Q IW V L PN ggG L Sg-------------------------------E s |E K fv j3 A 0
H um an301 G^RN|d|qEVYTFDLQLAQEDAKKMAVKQEEKYDPGYEAAYGGAYGENPCSSEPCGFSS 
E .  c o l  1 1 5 8  E0BQ A gv|R G R -------------------------------------------■----------------------------------------------------------------
H um an361 NGLIESVELRGESAFSGIPNGQWMTQSFTDQIPSFSNHCGTQEQEEESHA 
E . c o l i  ------------------------------------------------------------------------------------------------------------------
Figure S3 Amino acid sequence alignment of human thymine-DNA glycosylase with E.coli 
mismatch-specific uracil DNA Glycosylase
Amino acids in pink are unique to human TDG and a difficult region to align with E. coli M UG 
The region is right after a “wedge” region, therefore it might be im portant region for recognition of 
a base pair 5’ to the mismatched guanine.
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4.3.6. CpG-eC, TpGeC, GpGeC, and ApGeC; Effect of 
neighbouring DNA on ethenocytosine excision
As in the thymine substrate, TDG also exhibited a strong preference for the CpG 
sequence with ethenocytosine substrates as well. The preference order of 
specificity constant was; CpG-eC »  TpG-eC ~ GpG-eC > ApG-eC. An interesting 
aspect o f ethenocytosine substrates was that changes in both k2 and Kd occur 
along down the preference order to give the significant differences in specificity 
constants. For example the difference in specificity constant between CpG-eC and 
TpG*eC is due to both a drop in k2 and an increase in Kd. For thymine substrates 
however, the difference in specificity constant between CpG T and TpG T is 
caused by a decrease in k2 only with no change in Kd Therefore, although in 
CpG T, the binding energy to the neighbouring C G base pair contributes to 
reduce the activation energy, in CpG cC, the binding energy to the base pair is 
also used for stabilization o f the precatalytic enzyme-substrate complex. Thus, it 
seems that TDG adapts a different strategy to catalyse different substrates in terms 
of usage o f the binding energy.
In summary, the repair o f ethenocytosine by TDG shows a strong dependence on 
the base pair 5’ to the mismatched guanine. However, there is no evidence that 
ethenocytosine occurs predominantly in the CpG context, and one would expect 
ethenocytosine to be formed in all sequence contexts. Therefore, ethenocytosine 
formed in ApG context would be very poorly repaired by TDG (1600-fold slower 
specificity constant compared to a CpG site). These results suggest that TDG has 
not evolved to repair ethenocytosine, and refute the suggestion by Hang et al. and 
Saparbaev et al. that the main in vivo role o f TDG is the repair o f ethenocytosine.
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5. RESULTS and DISCUSSION (2); The 
Study of Interaction of TDG with APEX1
> Effect of APEX1 on the turnover o f TDG with either CpG T or CpG-eC 
substrate
> Involvement o f oligonucleotide on dissociation o f TDG by APEX 1
> The Study o f Protein-Protein Interaction
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Base excision repair is sequentially coordinated by passing the intermediate from 
one step to next (Wilson and Kunkel, 2000). Each member protein recruits the 
next enzyme to the damaged site, presumably to avoid exposing the unstable 
repair intermediate to the environment. However, there is a lack o f information 
on interaction between TDG and APEX1. It is known that APEX1 displaces TDG 
from its abasic product (Waters et al., 1999), but the mechanism for the 
displacement is not known. How APEX1 utilizes the DNA for the displacement 
of TDG was studied in the first part of this section, by using different length 
oligonucleotides. In the second part, possible protein-protein interactions were 
investigated using a pull-down assay and isothermal titration calorimetry.
5.1. Effect of APEX1 on the turnover of TDG with 
either CpG*T or CpG-eC substrates
Due to the interesting differences in kinetic results between thymine and 
ethenocytosine substrates, the effect o f APEX1 on displacing TDG from the 
abasic site was tested with the substrates, CpG T and CpG sC.
The base excision rate o f 10 nM TDG with 100 nM o f ether CpG T or CpG-eC 
was measured in reaction buffer (+ 50 mM KC1) in the absence or presence o f 20, 
40 or 80 nM APEX1 (Table 20/Figure 54 and Table 21/
Figure 55).
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0 0 . 1 0 0 0 . 1 3 1 0 . 1 6 6 0 . 1 6 8 0 . 1 6 8
2 0 0 . 0 8 4 0 . 1 7 1 0 . 1 8 3 0 . 2 2 2 0 . 2 6 8
4 0 0 . 0 8 4 0 . 1 4 5 0 . 1 9 6 0 . 2 5 0 0 . 3 1 9
8 0 0 . 0 6 7 0 . 1 1 8 0 . 2 1 0 0 . 2 8 3 0 . 3 9 4
Table 20 The Experimental data of Excision of Thymine by TDG in the absence/presence of
APEX1
The reaction mixture contained 100 nM CpG-T substrate, 10 nM TDG and none or 20, 40, 
80 nM APEX1, in reaction buffer + 50 mM KCI.
D b so c a tb n  rate o f  TDG b y  APEXl: Thyn i i e  s u b s ta te
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Figure 54 Turnover of TDG from the product in the absence and the presence of APEXl
using thymine substrate
This graph was plotted from the experimental data, Table 20.
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0 0.075 0.083 0.112 0.119 0.141
20 0.090 0.109 0.133 0.164 0.206
40 0.042 0.103 0.141 0.191 0.251
80 0.084 0.106 0.167 0.260 0.371
Table 21 The Experimental data of Excision of Ethenocytosine by TDG in the 
absence/presence of APEXl
The reaction mixture contained 100 nM CpG-eC substrate, 10 nM TDG, and none or 20, 40, 
80 nM APEXl, in reaction buffer + 50 mM KC1.
D issociation rate of TDG by APEX1: E thenocytosine
substrate
No APEX1 
- ■ - 2 0  nM APEX1 
4 0  nM APEX1 
- * - 8 0  nM APEX1
0 30 60 90 120 150 180 210 240 270 300 330
Time (min)
Figure 55 Turnover of TDG from the product in the absence and the presence of APEXl
using ethenocytosine substrate
This graph was plotted from the experimental data, Table 21.
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The effect o f APEXl on increasing the overall turnover o f TDG was almost the 
same between the two substrates. Both results showed that TDG only reacted 
with a stoichiometric amount o f substrate in the absence of APEXl, whereas 
TDG was released from the product and reacted with more substrate than 
stoichiometry as the concentration o f APEXl was increased. Thus, as long as an 
abasic site is present, the origin o f the abasic site seems not to be important in 
terms o f the ability of APEXl to release TDG from the abasic site. This may 
suggest that the excision reaction o f TDG, and the displacement activity and AP 
endonuclease activity o f APEXl are independent. Thus, it seems that while TDG 
excises the modified base, APEXl is not involved in this process, but then 
APEXl arrives to displace TDG after the excision reaction. The displacement o f  
TDG by APEXl was examined further in the second part o f this project.
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5.2. Involvement of oligonucleotide on dissociation 
of TDG by APEXl
In this study, different lengths o f oligonucleotides were used to examine if  
APEXl requires the DNA to dissociate TDG from the abasic site. One o f the 
aims o f this experiment was to see if  one particular side o f the DNA was needed 
for dissociation o f TDG by APEXl, and so oligonucleotides were designed to 
have a G-T mismatch as close to the 5’-end or 3’-end as possible without 
disrupting a stable complex formation with TDG. The sequences o f  
oligonucleotide used for this experiment are shown in
Table 22. The number in the name o f sequence indicates a number o f base pairs 
from a G-T mismatch to each end (E.g. 6G-T18, 6 base pairs and a G-T mismatch 
then 18 base pairs in the row, in the oligonucleotide).
The DNase I footprint o f TDG bound to a non-cleavable oligonucleotide was 
used as a guide to the length o f oligonucleotide required by TDG (Scharer et al., 
1997). Also, Wilson et al. (1995) found that APEXl requires four base pairs 5’ 
and three base pairs 3’ to the abasic site for catalysis by using an oligonucleotide 
containing an analogue o f an abasic site (tetrahydrofiiranyl) at different positions 
(Willson III e ta l ., 1995).
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Minimum requirement o f DNA sequence by TDG and APEXl
5 ' -  AGCTTGGCTGCAGGC A ' GATCCCCGGGAATT - 3 '  
3 ' -  TCGAACCGACGTCCGTCTGCCTAGGGGCCCTTAA - 5 '
Name Sequence
CONTROL 5 ' -  AGCTTGGCTGCAGGCGGACGGATCCCCGGGAATT - 3 ' ( 3 4  M e r )
( 1 5 G - T 1 8 )  3 ' -  TCGAACCGACGTCCGTCTGCCTAGGGGCCCTTAA - 5 ’
6 G - T 1 8 5 '  -  
3 '  -
GCAGGCGGACGGATCCCCGGGAATT - 3 ' ( 2 5  M e r )  
CGTCCGTCTGCCTAGGGGCCCTTAA - 5 '
9 G - T 1 8  5 ' -  GCTGCAGGCGGACGGATCCCCGGGAATT - 3 ' ( 2 8  M e r )
3 ' -  CGACGTCCGTCTGCCTAGGGGCCCTTAA - 5 '
1 5 G - T 6 5 ' -  AGCTTGGCTGCAGGCGGACGGA 
3 ' -  TCGAACCGACGTCCGTCTGCCT
- 3 '  ( 2 2  M e r )
- 5 '
1 5 G - T 5  5 ' -  AGCTTGGCTGCAGGCGGACGG
3 ' -  TCGAACCGACGTCCGTCTGCC
- 3 '  ( 2 1  M e r )  
• 5 '
1 5 G - T 4 5 ' -  AGCTTGGCTGCAGGCGGACG 
3 ' -  TCGAACCGACGTCCGTCTGC
- 3 '  ( 2 0  M e r ) 
- 5 '
M I N I
( 9 G - T 5 )
5 6 M e r :
5' - 
3 '  -
GCTGCAGGCGGACGG
CGACGTCCGTCTGCC
- 3 ' ( 1 5  M e r ) 
- 5 '
5 ' -CGTAGCTGTACATCAGCTTGGCTGCAGGCGGACGGATCCCCGGGAATTACAGATGC-3' 
3 ' -GCATCGACATGTAGTCGAACCGACGTCCGTCTGCCTAGGGGCCCTTAATGTCTACG-5 '
Table 22 List of oligonucleotides used for study of dissociation rate of TDG by APEXl
The top sequences above are showing a minimum requirement by TDG and APEXl. The red 
bases on both sides of G-T mismatch are required by APEXl (Willson III et a l 1995). The 
underlined region is bound by TDG (Scharer et al., 1997).
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Initially TDG was incubated with a 5 or 10-fold excess o f either control, 56-mer, 
15G T6 or 6GT18 in the presence o f APEXl to see the effect o f APEXl on 
dissociation o f TDG from its abasic product. The experimental data o f effect o f  
APEXl on dissociation o f TDG from its product are shown in Table 23 and a 
graph was drawn from the table (Figure 56).
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Oligonucleotide Quenched time (min)
Control No APEX1 0.194 0 .198 0 .196 0 .199
50 nM APEX1 0.327 0.398 0 .583 0 .696
56 Mer No APEX1 0.16 0 .166 0 .173 0 .177
50 nM APEX1 0.342 0.465 0 .678 0 .795
6 G T 1 8 No APEX1 0.079 0.095 0 .128 0 .155
50 nM APEX1 0.101 0.161 0 .339 0 .504
1 5 G T 6 No APEX1 0.175 0 .205 0.197 0 .187
50 nM APEX1 0.196 0.239 0 .322 0 .4332
Table 23 Fraction of thymine excised by 20 nM of TDG with 100 nM of oligonucleotide 
(Control, 56Mer, 6G-T18 or 15G*T6) in the absence/presence of APEXl
Dj^aficen ent o f IDG ±i the absaroe o r piesaioe o f APEXl wih 
diffeimt oligoniffeotdes
02 C cn to lN o  APEXl
Central 50 rM APEXl
0*0)
00O8
<DQ>C
56Mer No APEXl
56M er50 nM APEXl
E>.
■Ch-
"o
co55U-
0.4
6 G -T 1 8  N o A P E X l
6 G - T 1 8  5 0  nM 
APEXl
1 5 G - T 6  N o A P E X l
0 2  -
1 5 G - T 6  5 0  nM 
APEXl
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Figure 56 Reaction of TDG with excess of different oligonucleotides in the absence or
presence of APEXl
20 nM of TDG and 100 nM of DNA with none o r 50 nM of APEXl were incubated. The 
reaction was quenched at 35 min, 68 min, 3h, and 5h. The 5’-end of bottom strand was 
labelled with 6FAM (see Appendix). Substrate and product o f TDG were quantified with 
fluorescent detector.
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Reactions without APEXl (i.e. only TDG and DNA) were also done to check that 
each oligonucleotide had the same initial burst rate o f reaction as the control 
followed by the plateau phase when a stoichiometric amount o f thymine has been 
removed. The plateau indicates that TDG can form a stable complex with the 
abasic product o f the oligonucleotide. All the oligonucleotides except 6G T18 
managed to form the stable product complex with TDG (Figure 56). However, 
the 6G T18 reaction was much slower and did not achieve the same level o f 
reaction as the other oligonucleotides in the absence o f APEXl. Therefore, 
6G T18 oligonucleotide is a poor substrate for TDG and is not suitable for 
studying the effect o f APEXl on the dissociation rate o f TDG. The reactions 
containing APEXl showed that TDG complexed with the control or the 56 Mer 
were dissociated by APEXl at a similar rate. Thus, the 56 Mer was not used 
further. In order to improve the poor TDG reaction o f 6G T18, a new 
oligonucleotide was synthesized with three base pairs added 3’ to the mismatched 
thymine (9G T18). Also, although 15G T6 formed a stable complex, it was 
decided to trim one (15G T5) and two (15G T4) base pairs from the 5’-end, to 
minimise the base pairs available for APEXl. The comparison o f the reaction o f  
TDG with control, 6G T18 and 9G T18, in the presence or absence o f APEXl 
was carried out. The experimental data (Table 24) and its graph (Figure 57) are 
shown below.
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Oligonucleotide Quenched time (min)
30 60 180 300
Control No APEX1 0.151 0.122 0.141 0.151
50nM APEX1 0.210 0.272 0.412 0 .510
6 G T 1 8 No APEX1 0.050 0.064 0.113 0.152
50nM APEX1 0.080 0.132 0 .308 0.496
9 G T 1 8 No APEX1 0.129 0.145 0 .147 0 .147
50nM APEX1 0.208 0.261 0.390 0.495
Table 24 Fraction of thymine excised by 10 nM of TDG with 100 nM of oligonucleotide 
(Control, 56Mer, 6G-T18 or 9G-T18) in the absence/presence of APEXl
D^xhoan a i t  o f  TDG w ih  none or  50 nM o f  APEXl
0.6
0 5
0.4
0 3
02
02
0 30 60 90 120 150 180 210 240 270 300
Tine tn ii)
—A— Central No APEXl
"U  Control 50rM APEXl
6G -T 18 No APEXl
■  6G -T 18 50nM APEXl
9G -T 18 No APEXl
9G -T 18 50nM APEXl
Figure 57 Effect of APEXl on dissociation of TDG with varied length of oligonucleotides
10 nM of TDG, 100 nM of DNA with none or 50 nM of APEXl were incubated, and the 
reaction of TDG was quenched at 30 min, lh , 3h, and 5h.
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As expected, the 6G T18 showed exactly the same curves in the absence and 
presence o f APEXl as seen in Figure 56. However, 9G-T18 displayed the same 
behaviour as the control oligonucleotide in the absence o f APEXl; it had the 
same initial rate as the control and plateaued after a stoichiometric amount o f  
thymine was removed, showing that it formed a stable product complex with 
TDG. APEXl increased the turnover o f  TDG with 9G T18 to the same extent as 
that seen with the control oligonucleotide. The 9G T18 oligonucleotide thus 
contains a G-T mismatch as close to the 3’-end o f  the mismatched thymine that 
still allows formation o f a stable TDG-product complex.
The reaction o f TDG with 15GT6, 15GT5, & 15G-T4, in the absence and 
presence o f APEXl were compared in Figure 58 based upon the experimental 
data in Table 25.
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Oligonucleotide Quenched time (min)
30 60 200 300
Control No APEX1 0.144 0.142 0.153 0.154
50nM APEX1 0.227 0.301 0.492 0.580
1 5 G T 6 No APEX1 0.109 0.115 0 .122 0 .126
50nM APEX1 0.154 0.189 0.330 0.441
15G-T5 No APEX1 0.120 0.115 0.118 0.127
50nM APEX1 0.142 0.166 0.279 0.359
1 5 G T 4 No APEX1 0.111 0 .113 0.122 0.129
50nM APEX1 0.131 0 .165 0.313 0.398
Table 25 Fraction of thymine excised by 10 nM of TDG with 100 nM of oligonucleotide 
(Control, 15G-T6,15G-T5 or 15G-T4) in the absence/presence of APEX1
0£
DssocBtbn o f  TOG wih none or 50nM APEX1
0 5
S 0.4
I  0 3
.2 02
01
■Control No APEX1 
• Control 50nM APEX1 
15 G -T 6  No APEX1 
15 G -T 6  50nM APEX1 
‘ 15 G -T 5  No APEX1 
’ 1 5 G -T 5  50nM APEX1 
‘ 15G -T 4  No APEX1 
•15G -T 4  50nM APEX1
Figure 58 Comparison of dissociation rate of TDG from varied length of oligonucleotides in
the absence and presence of APEX1
10 nM of TDG, 100 nM of DNA, and none or 50 nM of APEX were incubated, and the TDG 
reaction was quenched at 30 min, lh , 3h20min and 5h.
---------------------
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All three 5’-truncated oligonucleotides (15GT6, 15GT5, and 15G T4) displayed 
the same reaction curves as the control oligonucleotide in the absence o f APEX1, 
showing that they were good TDG substrates and formed stable product 
complexes with TDG. The loss o f two further base pairs from the 5’-end seemed 
not to be important, and all three oligonucleotides showed a similar level of 
displacement by APEX1. The level o f reaction in the presence o f APEX1 is 
significantly higher for the control oligonucleotide than for 15GT6, 15GT5, & 
15GT4. This implies that TDG may associate and react slower with 15GT6, 
15GT5, & 15G T4 than with the control. However, the steady state rate o f  
dissociation by APEX1 (i.e. slope o f the curves after the burst phase) was similar 
to the control. This experiment looks at the effect o f APEX1 on the turnover o f  
TDG with each o f the oligonucleotides and so includes differences in 
association/dissociation o f TDG with the different oligonucleotides and 
differences in catalysis rates with the different oligonucleotides in addition to 
differences in displacement by APEX1. Therefore, the following experiment was 
designed which shows difference in the actual rate o f displacement by APEX1 
without being confounded by differences between the oligonucleotides in 
reactivity towards TDG. The 15G T4 oligonucleotide was excluded for further 
experiment since it exhibited inconsistent results (data now shown).
As a general methodology o f next experiment, each different length o f  
oligonucleotide was allowed to form a complex with TDG. Then APEX1 and 32P- 
labelled 34 Mer (“control” in Table 22) oligonucleotide were added to the 
reaction. When APEX displaces TDG from the abasic site the now free TDG will 
bind to the 32P-labelled G.T reporter oligonucleotide and remove the thymine
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from it. Thus, the amount o f thymine excised from the reporter oligonucleotide 
represents the rate o f displacement o f TDG by APEX1 The rate o f  TDG 
displacement can be determined by fitting a straight line a graph showing 
thymine removed from the 32P-labelled reporter oligonucleotide versus time 
(Figure 59). In the absence o f APEX, the rate o f thymine excision from the 
reporter oligonucleotide represents the spontaneous rate o f dissociation o f TDG 
from the abasic site. This model makes the reasonable assumption that released 
TDG reacts with the reporter oligonucleotide much faster than the rate o f  
displacement from the abasic oligonucleotide.
In this experiment, a reaction mixture containing 24 nM of test oligonucleotide 
and 20 nM o f TDG are incubated first, to allow all TDG molecules to react with 
the oligonucleotide, remove the mismatched thymine and form a complex with 
the abasic product. Then, 20 nM of 32P-labelled reporter oligonucleotide (the 
control sequence), and none or 50 nM of APEX1 were added to the reaction 
mixture. The results o f this experiment with the control oligonucleotide, 9G T18, 
15G T6 & 15G T5 and an oligonucleotide truncated o f both the 5’- and 3’-end 
(MINI) are shown in Table 26 and Figure 59. Table 26 shows fraction o f thymine 
excised from the 32P-reporter oligonucleotide by dissociated TDG.
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Oligonucleotide Quenched time (min)
10 30 60 120Control No APEX1
0.037 0.047 0.053
50nM APEX1
0.060 0.148 0.262 0.355 0.456
9GT18 No APEX1
.038 0.032
50nM APEX1
0.048 0.207 0.290 0.3660.124
No APEX115GT6
0.089
50nM APEX1
0.039 0.201 0.291 0.3910.098
No APEX115GT5
0.042 0.0620.030
50nM APEX1
0.037 0.100 0.172 0.236 0.338
No APEX1
0.1440.026 0.059 0.090
50nM APEX1
0.2220.037 0.081 0.136 0.283
Table 26 Fraction of thymine excised from 20 nM of P-labelled reporter oligonucleotide by 
20 nM of TDG that initially formed complex with 24 nM of each oligonucleotide (Control, 
9G T18,15G T6,15G*T5 or MINI) in the absence/presence of APEX1
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40 60 80
Tine (jnii)
—A— Control No APEXl
■  Control 50 nM APEXl
9 G -T 18 No APEXl
■  9 G -T 18 5 0 nM
APEXl
1 5 G -T 6 No APEXl
1 5 G -T 6 5 0 nM
APEXl
—A— 1 5 G -T 5 No APEXl
1 5 G -T 5 50 nM
APEXl
MUINo APEXl
■  M UI50 nM APEXl
0 5
0.4
a> - o  
</> ^  
n  Q
0 3
o
E
o
i  02  
tr
£ 01
(B) APEX1 effect o f  dtBSOCBtbn o f  TDG
Cental 50 nM APEXl 
9G -T 18 50 nM APEX1 
15G -T 6 50 nM APEX1 
15G -T 5 50 nM APEXl 
MWI50 nM APEXl
Tine frnii)
Figure 59 Effect of DNA on the dissociation of TDG by APEX l
(A) 20 nM of TDG was incubated with 24 nM of each oligonucleotide, allowing all the TDG 
to react and bind to the abasic site. Then, 20 nM of 32P-labelled reporter oligonucleotide, and 
none or 50 nM of APEXl were added to the mixture. Dissociated TDG reacts with the 
reporter oligonucleotide. The radioactivity of the reaction was analyzed with FPLC. TDG 
dissociating from the test oligonucleotide reacts with the 32P-reporter oligonucleotide. The 
graph shows the extent of excision from this reporter oligonucleotide. (B) The first 15 min of 
(A) is expanded to highlight the difference of reaction of TDG tha t was dissociated from 
each oligonucleotide by A PEX l. Only the reactions with 50 nM APEXl were displayed in B.
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In the absence o f APEXl, the rate o f thymine excision from the reporter 
oligonucleotide depends upon the dissociation rate o f TDG from the test 
oligonucleotide product. The 9GT18, 15GT6, 15GT5 and control 
oligonucleotides exhibited the same very slow rate in the absence o f APEXl 
indicating that they all form a stable complex with TDG (Figure 59).
In the presence o f APEXl, the reaction o f released TDG with the reporter 
oligonucleotide is equivalent to the rate o f displacement o f TDG by APEXl from 
each oligonucleotide. The rate o f dissociation from each oligonucleotide was 
determined by fitting a straight line to the data in Figure 59 (B) and the results are 
summarized in Table 27.
Control 0.6 100
9G-T18 0.48 80
15GT6 0.52 87
15GT5 0.36 60
MINI 0.28 47
Table 27 Rate of reaction of TDG with the reporter oligonucleotide
The TDG (20 nM) was displaced from each test oligonucleotide by §0 nM of APEXl in order 
to excise thymine from the reporter oligonucleotide. The displacement rates were calculated 
from linear fits to the data in Figure 59.
15GT6 and 9GT18 showed similar rate o f displacement by APEXl. The 15GT6 
is 12 base pairs shorter (5’ to the mismatched T) than the control, and that caused 
approximately 13 % less dissociation o f TDG (Figure 59 and Table 27). Hence,
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the 12 base pairs may help for more efficient displacement, but are not an 
absolute requirement. The 9G T18 is six base pairs shorter (3’ to the mismatched 
T) than the control, and this caused a similar 20 % drop in displacement rate. 
Thus, these six base pairs also have only a moderate influence on the 
displacement o f TDG by APEXl.
Interestingly, 15GT5, which is only one nucleotide shorter than 15G T6, 
exhibited approximately 27 % slower displacement than 15G T6 (approximately 
40 % slower than the control). Thus, the sixth base pair 5’ to the mismatched T 
plays a more significant role in the displacement o f TDG by APEXl than all o f  
the other 12 base pairs 5’ to it. However, the 15GT5 still displayed about 60 % 
displacement rate compared to the control. Thus, this base pair cannot be an 
absolute requirement o f APEXl for the displacement o f TDG.
The MINI oligonucleotide is truncated at both ends and is only 15 base pairs 
long. From the DNase I footprint, it is expected to be completely covered by 
TDG, with no free base pairs on either side available for APEXl. The reaction o f  
the reporter oligonucleotide for MINI in the absence o f APEXl was slightly 
faster than the other oligonucleotides indicating that the length o f this 
oligonucleotide was not quite enough to form as stable a complex with TDG as 
the control oligonucleotide (although it still dissociates very slowly). Therefore, 
one has to take into account that some o f the TDG has dissociated on its own in 
the presence o f APEXl. The rate of APEXl displacement o f TDG from MINI is 
about half that o f the control oligonucleotide, but has not been completely 
abolished. Therefore, both the 5’-side and the 3’-side o f the DNA contribute to 
the displacement o f TDG, but they are not an absolute requirement o f APEXl for 
displacement.
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Summary
In the absence o f APEXl, TDG formed very stable product complexes with all o f  
the oligonucleotides, although the complex with MINI dissociated approximately 
twice as fast. There was a decrease in dissociation of TDG by APEXl when 
either side, or both sides o f the control oligonucleotide were not available for 
APEXl; 20 % slower displacement when six base pairs 3’ to the mismatched T 
were removed, 40 % slower displacement when 13 base pairs 5’ to the 
mismatched T were removed, and 50 % slower displacement when both ends 
were removed (Figure 59 and Table 27). There was no obvious preferred DNA- 
orientation for APEXl displacement o f TDG. However, there was a trend that the 
displacement o f TDG became less as fewer base pairs were available for APEXl. 
The MINI oligonucleotide, which should be covered by TDG, exhibited 
approximately 50 % slower displacement rate than the control. This means that 
the free DNA on either side o f the mismatch may help to load APEXl onto the 
TDG-abasic DNA complex. Alternatively, APEXl might still be able to bind to 
the DNA on the opposite side to TDG. However, this seems unlikely since there 
would probably be steric clash between the two enzymes.
In conclusion, since the displacement activity o f APEXl could not be abolished 
completely with any oligonucleotides, both sides o f DNA from the G-T mismatch 
are not absolutely required by APEXl to displace TDG from the abasic site. It 
can also be concluded that the displacement o f TDG by APEXl does not happen 
through APEXl binding and distorting DNA to displace TDG (see Section 2.5). 
Based on this fact, it can be deduced that APEXl must have a direct protein- 
protein interactions with TDG. DNA extending from the TDG complex increases 
the displacement rate, possibly the DNA might help to guide APEXl to TDG.
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Protein-protein interactions between TDG and APEXl could be extremely 
transient and were not detected using a yeast two-hybrid system (Privezentzev et 
al., 2001). If the protein-protein interaction occurs on the DNA, the interaction o f  
TDG-DNA-APEX1 is also transient since a band-shift experiment failed to detect 
this ternary complex (Waters et al., 1999). In the next section, detection o f  
protein-protein interactions between APEXl and TDG was attempted using a 
pulldown assay and isothermal titration calorimetry.
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<SUMARY o f  Effect o f  Oligonucleotides on Displacement o f  TDG by APEX1> 
Control (34 Mer)
MINI (15 Mer)
APEX1
TDG
APEX1
APEX1
6G T18 (28 Mer)
3’
5’
TDG
APEX1
15G T5 (21 Mer)
3’
5'
Note: Blue corresponds to 
guanine, and red is a 
mismatched thymine in the 
double-stranded DNA.
The relative rate 
o f displacement; 
100%
The relative rate 
o f displacement; 
80%
The relative rate 
of displacement; 
6 0 %
The relative rate 
o f displacement; 
47%
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5.3. The Study of Protein-Protein Interaction
5.3.1. Pulldown Assay
APEXl actively displaces TDG from abasic sites and therefore, the possibility o f  
protein-protein interactions between APEXl and TDG is expected. The pulldown 
assay was employed to study the protein-protein interaction since Tini et al. 
(2002) have detected the interaction o f mouse TDG with APEXl using the same 
assay (Tini et al., 2002). In order to do the pull down experiments, the cDNA of  
APEXl was subcloned into the pETlOO vector to add a six histidine tag to the N- 
terminus. This tag was chosen because Tini et al. (2002) used APEXl that had a 
glutathione-S-transferase fusion at the N-terminal, and showed that this N- 
terminal tag did not interfere with the interaction.
Initial experiments were done to find conditions that eliminated non-specific 
binding o f TDG to the Nickel resin while still allowing His-APEXl to bind 
(Figure 60).
TDG A PEX l TDG + APEXl
(kD a)M arker S P S P S P
70
60
TDG -
50 —
1I
APEXH
40 - * • l m
Figure 60 Pulldown assay of TDG and His-APEXl showing the non-specific binding of TDG 
to the nickel-charged agarose resin in the absence of BSA
Three reactions, TDG with the resin, His-APEXl with the resin, and TDG & His-APEXl 
with the resin, were carried out. 555 nM of TDG, 493 nM of A PE X l, and 1 pi of nickel- 
agarose resin /15pl of reaction m ixture were used. The m ixture were incubated for lh  a t 4 °C. 
Samples of the supernatant (unbound) and the washed, pelleted resin (bound) were heated at 
90 °C for 10 min and then run on SDS-PAGE. Gels were silver stained to visualize protein. S 
= supernatant, P = pelleted resin.
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The presence o f TDG in the pellet fraction in Figure 60 in the absence o f His- 
APEXl demonstrates that TDG binds non-speciflcally to the agarose resin even 
though the resin was extensively washed before loading onto the SDS-PAGE. The 
middle panel o f Figure 60 shows that, as expected, His-APEXl binds to the 
nickel-resin. The bound fraction from the incubation o f TDG with His-APEXl 
gives a strong band for TDG, suggesting that TDG has been ‘pulled-down’ by the 
His-APEXl. However, because TDG binds strongly to the resin in the absence o f  
His-APEXl one cannot differentiate between non-specific binding o f TDG to the 
resin and specific binding o f TDG to His-APEXl. Elimination o f  non-specific 
binding o f TDG to the resin was attempted by adding BSA and/or imidazole to the 
reactions. The presence o f 27 ng/pl BSA and 20 mM imidazole was found to 
prevent non-specific binding of TDG to the agarose resin, without stopping His- 
APEX1 from binding (dissociates from the nickel-charged resin at approximately 
80 mM imidazole).
Using these conditions, the pulldown assay was carried out using TDG and His- 
APEXl at a concentration ratio o f approximately 1:4 (Figure 61). The “Before 
resin” fractions (lane 1, 4, and 7) show the input o f proteins in the reaction 
mixture. The supernatant fractions (lane 2, 5, and 8) show the proteins in the 
supernatant after addition o f the resin which did not bind to the resin. The pellet 
fractions (lane 3, 6, and 9) show proteins that bound to the agarose resin even after 
the extensive wash. Under these incubation conditions, the non-specific binding of 
TDG to the agarose resin was eliminated as shown in the control o f TDG (lane 3) 
whereas His-APEXl still showed specific binding to the resin (lane 9). A faint 
TDG band is present in the bound fraction when incubated together with His- 
APEXl, but is completely absent from the bound fraction when incubated alone 
with the resin (Figure 61). This suggests a direct protein-protein interaction o f  
TDG with His-APEXl. The TDG band in the pellet fraction o f the TDG-His- 
APEX1 mixture looks weak on the SDS-PAGE, however, the band consistently 
appeared in several attempts, and the TDG band was consistently absent from the 
pellet fraction of TDG and the resin alone (lane 3).
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TDG TDG A PEXl
(C ontrol) +APEX1 (Contorol)
Before Before Before
resin S P resin S P resin S P
Marker 1 8 9 Merker
(kDa)
-BSA 
-TDG
  40 -« APEXl
6 0
5 0 '
Figure 61 Pulldown assay; detection of a direct protein-protein interaction between hum an
TDG (390 nM) and APEXl (1.7 pM)
Three reactions, TDG with the resin, APEXl with the resin, and TDG & APEX l with the 
resin, were carried out. A th ird  of the reaction was taken out before the agarose resin was 
added (lane 1, 4, and 7), another th ird  of the supernatant was taken out after incubation for 
lh  at 4 °C (lane 2, 5, and 8; S stands for supernatant). The last portion of reaction m ixture 
was spun-down and the pellet extensively washed (lane 3, 6, and 9; P stands for pellet). All 
samples were heated in SDS-Gel loading buffer for 10 min at 90 °C before loading on the 
SDS-PAGE.
Next, the effect o f  the CpG T oligonucleotide in the pulldown assay was 
examined to see if DNA could enhance the interaction between TDG and His- 
APEXl, possibly via a TDG-DNA-APEX1 ternary complex (Figure 62). 
However, there was no significant effect o f DNA on the amount o f  TDG pulled 
down by His-APEXl. This suggest that the DNA is not a prerequisite factor for 
the protein-protein interaction, and supports the previous experiments with 
different length oligonucleotides (Section 4.4.1.) that showed that DNA did not 
have a large effect on the displacement o f TDG from abasic sites by A PEX l.
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TDG/APEX 1 TDG /DN A /A PEX  1 
(kDa)Marker S P S P 
BSA ** 70 
60
TDG ------ ►
50
APEXl ►
40
Figure 62 Pulldown assay o f TDG and His-APEXl in the absence and presence o f CpG-T 
oligonucleotide, highlighting no effect o f DNA
555 nM TDG and 493 nM His-APEXl were incubated with nickel-charged resin (1 pi per 15 
pi of reaction) for lh  a t 4 °C, in the absence (middle panel) o r presence (righ t panel) o f 400 
nM CpG-T oligonucleotide. S stands for supernatan t of the m ixture a fte r incubation, and P 
stands for pellets (i.e. the agarose resin) after the extensive wash.
Tini et al. (2002) reported that mouse TDG with deletion o f  the N-terminal first 
91 amino acids could still interact with APEXl, but that the further deletion o f  
amino acids 1-121 prevented the interaction. They suggested that residues 92-121 
o f mouse TDG are required for the protein-protein interaction with APEXl (Tini 
et al., 2002). This region corresponds to amino acids 82-110 o f  human TDG (see 
Figure 63). To test if  this region o f  human TDG interacted with APEXl, a pull­
down assay was done incubating His-APEXl with a chemically synthesized 
peptide (purchased from Cambridge Research Biochemicals Limited) 
corresponding to amino acids 82- 110 o f  human TDG (Figure 64). The peptide 
had an N-terminal biotin tag and was pulled down using streptavidin beads. There 
was no non-specific binding o f His-APEX to the streptavidin beads (Figure 64).
163
5. RESULTS and DISCUSSION (2); The Study o f  Interaction o f  TDG with A PEX l
Alignment of Mouse and Human TDG
hTDG: 1 MEAENAGSYSLQC A F TFPFQQLMAEAPMMAWNEQQM---------------------- EE P
M+AE A SYSL+Q QAY+FPFQQ+MAE PNMAV QQ+P ++VPA AP
mTDG: 1 MDAEAARSYSLEQVQALYSFPFQQMMAEVPNMAVTTGQOVi AVAPNMATVTEQQVI D
hTDG: 5 0  AC EE VQEAPKGRKRKPRTTEPKQPVEPKKPVESKKSGKSAKPKEKQEKITDTFKVKRKVD 
QEP EAPK RKRKPR EP++PVEPKKP SKKSGKS K KEKQEKITD FKVKRKVD 
mTDG:61 V AP R AA QEPVEPKKPATSKKSGKSTKSKEKQEKITDAFKVKRKVD
hTDG: 110RFNGVSEAELLTKTLPDILTFNLDIVIIGINPGLMAAYKGHHYPGPGNHFWKCLFMSGLS 
RFNGVSEAELLTKTLPDILTFNLDIVIIGINPGLMAAYKGHHYPGPGNHFWKCLFMSGLS 
mTDG: 121RFNGVSEAELLTKTLPDILTFNLDIVIIGINPGLMAAYKGHHYPGPGNHFWKCLFMSGLS
hTDG: 170EVQLNHMDDHTLPGKYGIGFTNMVERTTPGSKDLSSKEFREGGRILVQKLQKYQPRIAVF 
EVQLNHMDDHTLPGKYGIGFTNMVERTTPGSKDLSSKEFREGGRTLVQKLQKYQPRIAVF 
mTDG: 181EVQLNHMDDHTLPGKYGIGFTNMVERTTPGSKDLSSKEFREGGR1LVQKLQKYQPRIAVF
hTDG: 230NGKCIYEIFSKEVFGVKVKNLEFGLQPHKIPDTETLCYVMPSSSARCAQFPRAQDKVHYY 
NGKCI YEI FSKEVFGVKVKNLEFGLQPHKI PDTETLCYVMPSSSARCAQFPRAQDKVHYY 
mTDG: 2 4 1NGKCI YEI FSKEVFGVKVKNLEFGLQPHKI PDTETLCYVMPSSSARCAQFPRAQDKVHYY
hTDG: 290IKLKDLRDQLKGIERNMDVQEVQYTFDLQLAQEDAKKMAVKEEKYDPGYEAAYGGAYGEN 
IKLKDLRDQLKGIERN DVQEVQYTFDLQLAQEDAKKMAVKEEKYDPGYEAAYGGAYGEN 
mTDG: 3 0 1 IKLKDLRDQLKGIERNTDVQEVQYTFDLQLAQEDAKKMAVKEEKYDPGYEAA
hTDG: 350PCSSEPCGFSSNGL-IESVELRGESAFSGIPNGQWMTQSFTDQIPSFSNHCGTQEQEEES 
FC+ EPCG +SNGL S E RGE+ +PNGQWM Q S F + Q IP S F  N+CGT+EQEEES
mTDG: 3 6 1  NG I A  LTAHSAEPRGEATPGDVPNGQWMAQSFAEQIP S F-NNCGTREQEEES
h T D G :4 0 9  HA
HA
mTDG:4 2 0  HA
Figure 63 Amino acids sequence alignment of Human and Mouse Thymine-DNA Glycosylase
The red corresponds to 92-121 amino acids of mouse TDG, which Tini et al. (2002) made a point 
of being responsible for interaction of mouse TDG and A PEX l. The pink corresponds to 82-110 
amino acids of human TDG which is a peptide sequence used in the pull-down assay (Figure 64).
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Peptide/
Pentide APEXl APEXl 
Marker S P S P S P
BS& krta- -  “  -
His-APEXl ► ^
Peptide
Figure 64 Pulldown assay of peptide (82-110 amino acids) of TDG with His-APEXl
15 pM of biotin-tagged peptide, 493 nM of His-APEXl, and 1 pi of streptavidin beads/15pl of 
reaction mixture were used. Three reactions (peptide alone with the beads, peptide & His- 
APEXl with the beads, and His-APEXl alone with the beads) were incubated lh  at 4 °C. S 
stands for supernatant of the mixture after incubation, and P stands for pellets (i.e. the 
beads) after the extensive wash. Samples were heated in SDS-loading buffer for 10 min and 
90 °C before loading onto a SDS-PAGE. Gels were silver-stained.
The peptide o f TDG failed to pull down His-APEXl (pellet lane o f mixture o f  
peptide and His-APEXl in Figure 64). There are several possible explanations for 
this. One is that His-APEXl does not bind to this region o f human TDG. 
Alternatively, the peptide sequence does contain the His-APEXl binding site but 
it has to be in the correct three-dimensional structure to be recognized by His- 
APEXl. If the peptide is not folded correctly (which is quite possible) then 
APEXl cannot interact. Another possibility is that His-APEXl does interact with 
this region o f TDG but requires additional contacts outside o f this region to give 
strong enough binding to be detected by the pull-down assay.
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Summary
The pulldown assay showed a weak protein-protein interactions between TDG 
and His-APEXl. In agreement with the results on the effect o f oligonucleotide 
length on the displacement of TDG which showed that APEXl does not require 
the DNA as an absolute factor for displacement o f TDG from abasic sites, the 
presence of CpG-T DNA did not significantly increase protein-protein interaction 
in this pulldown assay. The peptide (82-110) o f human TDG was also tested to 
see if this region was responsible for the interaction o f human TDG with His- 
APEXl, as suggested by the experiments o f Tini et al. on mouse TDG (Tini et al., 
2002). The peptide failed to pull down any APEXl, suggesting that APEXl might 
recognize the three-dimensional structure of TDG that requires the rest o f the 
sequence in addition to the peptide, or that this region is not involved in the 
interaction.
Only a small fraction o f TDG was pulled down by His-APEXl (lane 6 in Figure 
61). One possible reason for this weak band o f TDG with His-APEXl could be 
the very transient nature o f the interaction between TDG and His-APEXl. This is 
supported by the fact that although a bandshift assay showed a complex o f TDG 
and DNA, and another complex of APEXl and DNA, it failed to detect a ternary 
complex of TDG, DNA, and APEXl (Waters et al., 1999). One possible way to 
detect the ternary complex would be to use an abasic site analogue that is not 
cleaved by APEXl (e.g. phosphorothioate) or an APEXl mutant that cannot 
cleave abasic sites (e.g. Asp210Ala (Rothwell et al., 2000)). This increases the 
chance o f detecting a ternary complex that forms at the intact abasic site.
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5.3.2. Isothermal titration calorimetry
To complement the pulldown assay, detection o f protein-protein interaction was 
attempted using isothermal titration calorimetry (ITC; MicroCal™). ITC 
measures tiny heat difference generated on association o f two proteins. The 
calorimeter contains two cells, a reference cell and a sample cell. The reference 
cell that only contained buffer and the sample cell that contained TDG were 
equilibrated at 30 °C before adding His-APEXl stepwise to the sample cell. When 
APEXl was added, the heat difference between the reference cell and the sample 
cell was monitored. In order to carry out one experiment with ITC, at least 1 ml o f  
60 pM APEXl and 2 ml of 6 pM TDG were required. Unfortunately, as shown in 
Section 4.1. and by Tini et al., purification o f large quantities o f TDG at high 
concentration exhibited great difficulty since the majority o f expressed TDG was 
easily lost by degradation through purification steps and because TDG precipitates 
out easily. In this project enough TDG was purified to attempt two ITC 
experiments. No interaction between TDG and APEXl was detected (Figure 65) 
in this limited number o f experiments.
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Figure 65 Isothermal titration calorimetry to detect protein-protein interactions between
TDG and His-APEXl at 30 °C
Typical positive result of protein-protein interactions should be a sigmoid shape (in the lower 
graph) as molar ratio increases. In this experiment, it failed to show the shape.
However, it is very difficult to analyse this result and conclude that there was no 
interaction between the two enzymes. To give a positive result, the interaction 
between two proteins must produce a large enough heat difference to be 
detectable by ITC. If TDG and APEXl do interact, but the heat produced on 
association of the proteins is too small, ITC would not detect the heat difference, 
giving a negative result. Therefore, failure o f the detection could be a machinery
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limit, or experimental condition. Further experiments using higher concentration 
of the proteins to amplify the signal, could be done to see if  the negative result 
found in this project is due to a small heat change on association o f TDG with 
APEXl.
There is a possibility that in vivo TDG may need post-translational modification in 
order to enhance its interaction with APEXl. For example, Hardeland et al. 
(2002) suggested that modification of TDG by ubiquitin-like proteins SUMO-1 
and SUMO-3 might enhance the interaction with APEXl. In addition to this 
sumoylation, acetylation o f TDG has also been reported to change the affinity o f  
TDG for APEXl (Tini et al., 2002). These reports suggest that there might be 
further regulatory mechanisms that modify TDG (or APEXl) in order to enhance 
the interaction between the two enzymes in vivo. Lack o f the modification in the 
in vitro pull down experiments might lead be the reason for the weak interaction 
found in this project. In vivo, displacement o f TDG happens on the DNA strand. 
Although requirement o f DNA for displacement o f  TDG by APEXl was not 
absolute (from the experiments with the different length oligonucleotides), the 
DNA should also be included in the ITC and pull down experiments. However, 
because there would be non-specific binding to the DNA and because the transient 
nature of the interaction, the detection o f a specific protein-DNA-protein complex 
from such a three component experiment would be very difficult. One way to 
simplify the experiment would be to use TDG cross-linked to DNA since this 
would eliminate a major part o f the ambiguous signal in ITC. Alternatively, DNA 
containing an un-cleavable abasic site analogue that cannot be processed by TDG 
may be needed for the pull-down assay and ITC. This should enhance the chance
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of detecting the interaction since the un-cleavable DNA generates an equilibrium 
between TDG, DNA and APEXl, whereas a normal abasic site would be cut by 
APEXl and it is probable that TDG would interact weakly with this cut abasic 
site.
Finally, it is known that other repair proteins are coordinated to protect unstable 
intermediates in base excision repair; APEXl interacts with DNA polymerase p 
(Bennett et al., 1997) and DNA polymerase (3 interacts with DNA ligase III via 
XRCC1 (Cappelli et al., 1997; Nash et al., 1997). By showing an interaction 
between TDG and APEXl, this project completes the picture for base excision 
repair o f G T mismatches. Thus, the entire repair o f G T mismatches involves the 
sequential interaction o f all o f the enzymes in this pathway at the site o f repair and 
this coordination ensures that the unstable repair intermediates are protected. This 
situation contrasts with the large complexes that comprise multiple proteins at the 
damaged site seen in nucleotide excision repair and in mismatch repair (Section 
2.3.3 and 2.3.4).
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When 5-methylcytosine spontaneously deaminates, the base changes to thymine, 
generating a G*T mismatch. TDG was discovered as a glycosylase that excises 
thymine mismatched with guanine, which then initiates the base excision repair 
pathway.
In the first part o f this project, the kinetic parameters, k2 and Kd, o f TDG for 
thymine substrates (CpG-T, and TpG-T) and 3 ^ -ethenocytosine substrates 
(CpG-eC, TpG sC, GpGeC, and ApG-eC) were studied. TDG showed a strong 
preference for thymine in a CpG context, displaying the fastest catalytic constant 
among the substrates tested. This strong preference supports the observation that 
TDG has specific contacts with the guanine o f the C G base pair 5’ to the 
mismatch (Scharer et al., 1997). The structure o f the E.coli homologue o f TDG 
strongly suggests that TDG also contacts the guanine o f the G T mismatch after 
flipping out the thymine. The extended contact o f TDG with the 5’-adjacent C G 
base pair has probably developed through evolution to specifically excise thymine 
generated by deamination of 5-methylcytosine at CpG sites, to maintain the 
integrity o f the genome. But what is the explanation for the relatively slow 
excision of thymine by TDG? Unlike uracil (the substrate o f UDG), and many 
other base lesions that are not normally found in DNA, the thymine substrate of 
TDG is a normal DNA base. The vast majority o f thymine in the genome is paired 
with adenine. Therefore, TDG has to discriminate between rare thymines in G T 
mismatches from the far more common thymines that are in A T base pairs. In 
vitro, TDG excises thymine from A T base pairs at an extremely slow rate (Waters 
and Swann, 1998), partly because the glycosylase makes contact to the 
mismatched guanine o f a G T mismatch, but probably also because it is harder for 
TDG to flip out the thymine from the more stable A T base pair. However, this 
level of discrimination may not be enough in vivo and so to avoid removing 
thymine unnecessarily from A-T base pairs, TDG may have evolved to have a 
slow thymine excision rate.
In vitro, TDG can excise a broad range o f modified bases (Section 2.4.3.). It has 
been claimed that ethenocytosine is the real substrate o f TDG (Hang et al., 1998; 
Saparbaev and Laval, 1998), since these studies seemed to find that TDG reacts 
faster on ethenocytosine than thymine. However, these studies were flawed
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because they did not look at the effect o f neighbouring DNA sequence on 
ethenocytosine excision nor did they allow for product inhibition. By doing a very 
careful kinetic analysis o f single turnover base excision by TDG, the results of 
this project show that the excision o f ethenocytosine is very dependent upon the 
neighbouring base pair. In terms o f the specificity constant, k2/Kd, the order of  
preference is: CpG eC »  TpG-eC ~ GpGeC > ApG-eC. The specificity constant 
for the best ethenocytosine substrate, CpG sC, was more than 1600-fold greater 
than the worst substrate ApG-eC. This means that ethenocytosine in a CpG site 
would be repaired most efficiently by TDG, but that ethenocytosine in an ApG 
site would be repaired at a very poor rate. Consequently, if  TDG were the main 
enzyme responsible for repairing ethenocytosine in the cell, ethenocytosines 
formed at ApG sites would go un-repaired. This would not be a physiologically 
satisfactory situation for cells since there is no evidence that ethenocytosine is 
formed exclusively at CpG sites. Thus, it is very unlikely that TDG is the major in 
vivo activity responsible for ethenocytosine excision. However, there is the 
anomaly that ethenocytosine seems a better substrate than thymine on the basis of 
specificity constants. The large specificity constant for CpG-eC comes from its Kd 
being nearly 800-fold smaller than the Kd o f CpG-T even though the catalytic rate 
constant o f ethenocytosine is approximately six times slower than that o f thymine. 
From the inhibition studies done in this project, together with the fact that melting 
temperature and structural studies have shown that a G sC base pair is weaker 
than a G T mismatch, it can be concluded that most o f  the 800-fold difference in 
Kd comes from it being much easier for TDG to flip out ethenocytosine from G eC 
base pairs than to flip out thymine from G T mismatches. It is generally believed 
that evolution directs enzymes to reduce the activation energy o f  the reaction they 
catalyse, to be more efficient. A consequence o f this is that binding energy is 
utilized to increase the catalytic rate constant (k2) rather than to enhance binding 
to the substrate (and lower K d ) .  Thus the apparent fast reaction o f ethenocytosine 
due to smaller Kd is probably accidental to TDG since the catalytic rate constant is 
smaller (~ larger activation energy) than that o f thymine. This again suggests that 
it is unlikely that ethenocytosine is the primary in vivo substrate o f TDG.
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The presence o f APEXl increases the turnover rate o f  TDG by displacing the 
glycosylase from its abasic site product, but we do not know how APEXl 
achieves this displacement The involvement o f DNA and protein-protein 
interactions in the displacement o f TDG by APEXl was examined in the second 
part o f this project APEXl displacement o f TDG was reduced when 
oligonucleotide either side o f the TDG-DNA complex was not available for 
APEXl, but none o f oligonucleotides tested completely abolished it, including the 
shortest oligonucleotide that would be entirely covered by TDG. Thus, free DNA 
base pairs certainly help to load APEXl onto the complex, but they are not an 
absolute requirement o f APEXl for the displacement o f TDG. A protein-protein 
interaction between human TDG and APEXl was found using a pulldown assay 
but was not detectable in preliminary isothermal calorimetry experiments. 
Therefore, TDG probably does interact directly with APEXl but this interaction is 
weak or transient.
From the results the following possible mechanism for the displacement o f TDG 
by APEXl is proposed. APEXl interacts with the abasic-site-bound TDG, which 
induces a conformational change in TDG. The conformational change loosens the 
contact between TDG and DNA including flipped out abasic site, widowed 
guanine and the CG base pair 5’ to the mismatch, causing the glycosylase to 
dissociate. If APEXl only interacts with the DNA bound TDG, this interaction 
would be transient and would thus explain the weak pulldown band. APEXl 
probably has this interaction with TDG to protect the abasic site from exposure to 
the environment, which would occur if  TDG released the abasic DNA 
spontaneously. From the results o f displacement experiment using different length 
oligonucleotides, it is almost impossible for APEXl to distort DNA structure 
before release o f TDG from the abasic site. Therefore, the proposed mechanism of 
APEXl distorting the DNA to displace TDG cannot be true. After release of 
TDG, the abasic site taken over by APEXl undergoes into the distorted form as 
seen in the crystal structure of APEXl bound to DNA (Gorman et al., 1997).
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A Adenine
AP endonuclease Apurinic/apyrimidinic endonuclease
APEX1 Human apurinic/apyrimidinic endonuclease 1
BER Base excision repair
bp Base pair
BSA Bovine serum albumin
C Cytosine
cDNA Complementary DNA
CHO Chinese hamster ovary
DNA Deoxynucleic acid
DTT Dithiothreitol
sC SJV^Ethenocytosine
E.coli Escherichia coli
EDTA Ethylenediaminetetraaceticacid
FPLC Fast protein liquid chromatography
G Guanine
HEPES N-2-Hydroxyethylpiperazine-N’-2-ethanesulphonicacid 
hNthl Human thymine glycol DNA glycosylase-AP lyase
hOGGl Human 8-oxo-7,8-dihydroguanine DNA glycosylase
HPLC High performance liquid chromatography
hUDG Human uracil DNA glycosylase
Ig Immunoglobulin
ITC Isothermal titration calorimetry
LB medium Luria-Bertani medium
5me C 5-Methylcytosine
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MMR
MUG
mRNA
NER
NMR
PCNA
RAR
RXR
SDS
T
TCR
TAE
TBE
TDG
UDG
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Mismatch repair
Mismatch-specific uracil-DNA glycosylase 
Messenger RNA 
Nucleotide excision repair 
Nuclear magnetic resonance 
Proliferating cell nuclear antigen 
Retinoid acid receptor 
Retinoid X receptor 
Sodium dodecyl sulfate 
Thymine
Transcription-coupled repair 
Tris-acetate electrophoresis 
Tris-borate electrophoresis 
Thymine-DNA Glycosylase 
Uracil-DNA glycosylase
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8.1. Structure of 6-FAM
6-FAM was incorporated at 5’-end of the bottom strand o f oligonucleotides. The 
fluorescent labelled oligonucleotides were purchased from Qiagen.
6-FAM
OH.
Absorbance 494 nm 
Em isssion 525 nm
(QIAGEN)
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8.2. Sequences of Human Thymine DNA 
Glycosylase and Apurinic/apyrimidinic 
Endonuclease 1
8.2.1. The cDNA and amino acids sequences of human 
thymine DNA glycosylase
Nucleotide sequence:
0 a t g g a a g c g g a g a a c g c g g g c a g c t a t t c c c t t c a g c a a g c t c a a g c t t t
51 t t a t a c g t t t c c a t t t c a a c a a c t g a t g g c t g a a g c t c c t a a t a t g g c a g
101 t t g t g a a t g a a c a g c a a a t g c c a g a a g a a g t t c c a g c c c c a g c t c c t g c t
15 1 c a g g a a c c a g t g c a a g a g g c t c c a a a a g g a a g a a a a a g a a a a c c c a g a a c
2 0 1 a a c a g a a c c a a a a c a a c c a g t g g a a c c c a a a a a a c c t g t t g a g t c a a a a a
2 5 1 a a t c t g g c a a g t c t g c a a a a t c a a a a g a a a a a c a a g a a a a a a t t a c a g a c
30 1 a c a t t t a a a g t a a a a a g a a a a g t a g a c c g t t t t a a t g g t g t t t c a g a a g c
3 5 1 t g a a c t t c t g a c c a a g a c t c t c c c c g a t a t t t t g a c c t t c a a t c t g g a c a
40 1 t t g t c a t t a t t g g c a t a a a c c c g g g a c t a a t g g c t g c t t a c a a a g g g c a t
45 1 c a t t a c c c t g g a c c t g g a a a c c a t t t t t g g a a g t g t t t g t t t a t g t c a g g
5 0 1 g c t c a g t g a g g t c c a g c t g a a c c a t a t g g a t g a t c a c a c t c t a c c a g g g a
5 5 1 a g t a t g g t a t t g g a t t t a c c a a c a t g g t g g a a a g g a c c a c g c c c g g c a g c
60 1 a a a g a t c t c t c c a g t a a a g a a t t t c g t g a a g g a g g a c g t a t t c t a g t a c a
651 g a a a t t a c a g a a a t a t c a g c c a c g a a t a g c a g t g t t t a a t g g a a a a t g t a
70 1 t t t a t g a a a t t t t t a g t a a a g a a g t t t t t g g a g t a a a g g t t a a g a a c t t g
751 g a a t t t g g g c t t c a g c c c c a t a a g a t t c c a g a c a c a g a a a c t c t c t g c t a
801 t g g t a t g c c a t c a t c c a g t g c a a g a t g t g c t c a g t t t c c t c g a g c c c a a g
851 a c a a a g t t c a t t a c t a c a t a a a a c t g a a g g a c t t a a g a g a t c a g t t g a a a
901 g g c a t t g a a c g a a a t a t g g a c g t t c a a g a g g t g c a a t a t a c a t t t g a c c t
951 a c a g c t t g c c c a a g a g g a t g c a a a g a a g a t g g c t g t t a a g g a a g a a a a a t
1 0 0 1 a t g a t c c a g g t t a t g a g g c a g c a t a t g g t g g t g c t t a c g g a g a a a a t c c a
1 0 5 1 t g c a g c a g t g a a c c t t g t g g c t t c t c t t c a a a t g g g c t a a t t g a g a g c g t
1 1 0 1 g g a g t t a a g a g g a g a a t c a g c t t t c a g t g g c a t t c c t a a t g g g c a g t g g a
1 1 5 1
1 2 0 1
t g a c c c a g t c
a c a c a a g a a c
a t t t a c a g a c
a g g a a g a a g a
c a a a t t c c t t
a a g c c a t g c t
c c t t t a g t a a
t a a
t c a c t g t g g a
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Amino acids sequence:
MEAENAGSYSLQQAQAFYTFPFQQLMAEAPNMAVVNEQQMPEEVPAPAPAQEPVQ 
EAPKGRKRKPRTTEPKQPVEPKKPVESKKSGKSAKSKEKQEKITDTFKVKRKVDR 
FNGVSEAELLTKTLPDILTFNLDIVIIGINPGLMAAYKGHHYPGPGNHFWKCLFM 
SGLSEVQLNHMDDHTLPGKYGIGFTNMVERTTPGSKDLSSKEFREGGRILVQKLQ 
KYQPRIAVFNGKCIYEIFSKEVFGVKVKNLEFGLQPHKIPDTETLCYGMPSSSAR 
CAQFPRAQDKVHYYIKLKDLRDQLKGIERNMDVQE VQ YT FDLQL AQE DAKKMAVK 
EEKYDPGYEAAYGGAYGENPCSSEPCGFSSNGLIESVELRGESAFSGIPNGQWMT 
QS FTDQIPS FSNHCGTQEQEEESHA
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8.2.2. The cDNA and amino acids sequences of human 
apurinic/apyrimidinic endonuclease 1
Nucleotide sequence:
0 a t g c c g a a g c g t g g g a a a a a g g g a g c g g t g g c g g a a g a c g g g g a t g a g c t
51 c a g g a c a g a g c c a g a g g c c a a g a a g a g t a a g a c g g c c g c a a a g a a a a a t g
10 1 a c a a a g a g g c a g c a g g a g a g g g c c c a g c c c t g t a t g a g g a c c c c c c a g a t
1 5 1 c a g a a a a c c t c a c c c a g t g g c a a a c c t g c c a c a c t c a a g a t c t g c t c t t g
2 0 1 g a a t g t g g a t g g g c t t c g a g c c t g g a t t a a g a a g a a a g g a t t a g a t t g g g
2 5 1 t a a a g g a a g a a g c c c c a g a t a t a c t g t g c c t t c a a g a g a c c a a a t g t t c a
3 0 1 g a g a a c a a a c t a c c a g c t g a a c t t c a g g a g c t g c c t g g a c t c t c t c a t c a
3 5 1 a t a c t g g t c a g c t c c t t c g g a c a a g g a a g g g t a c a g t g g c g t g g g c c t g c
401 t t t c c c g c c a g t g c c c a c t c a a a g t t t c t t a c g g c a t a g g c g a t g a g g a g
451 c a t g a t c a g g a a g g c c g g g t g a t t g t g g c t g a a t t t g a c t c g t t t g t g c t
50 1 g g t a a c a g c a t a t g t a c c t a a t g c a g g c c g a g g t c t g g t a c g a c t g g a g t
5 5 1 a c c g g c a g c g c t g g g a t g a a g c c t t t c g c a a g t t c c t g a a g g g c c t g g c t
4 0 1 t c c c g a a a g c c c c t t g t g c t g t g t g g a g a c c t c a a t g t g g c a c a t g a a g a
45 1 a a t t g a c c t t c g c a a c c c c a a g g g g a a c a a a a a g a a t g c t g g c t t c a c g c
5 0 1 c a c a a g a g c g c c a a g g c t t c g g g g a a t t a c t g c a g g c t g t g c c a c t g g c t
5 5 1 g a c a g c t t t a g g c a c c t c t a c c c c a a c a c a c c c t a t g c c t a c a c c t t t t g
601 g a c t t a t a t g a t g a a t g c t c g a t c c a a g a a t g t t g g t t g g c g c c t t g a t t
651 a c t t t t t g t t g t c c c a c t c t c t g t t a c c t g c a t t g t g t g a c a g c a a g a t c
7 0 1
7 5 1
c g t t c c a a g g
a c t g t g a
c c c t c g g c a g t g a t c a c t g t c c t a t c a c c c t a t a c c t a g c
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Amino acids sequence:
MPKRGKKGAVAEDGDELRTEPEAKKSKTAAKKNDKEAAGEGPALYEDPPDQKTSP
SGKPATLKICSWNVDGLRAWIKKKGLDWVKEEAPDILCLQETKCSENKLPAELQE
LPGLSHQYWSAPSDKEGYSGVGLLSRQCPLKVSYGIGDEEHDQEGRVIVAEFDSF
VLVTAYVPNAGRGLVRLEYRQRWDEAFRKFLKGLASRKPLVLCGDLNVAHEEIDL
RNPKGNKKNAGFTPQERQGFGELLQAVPLADSFRHLYPNTPYAYTFWTYMMNARS
KNVGWRLDYFLLSHSLLPALCDSKIRSKALGSDHCPITLYLAL
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8.3. Directional TOPO Cloning System (Invitrogen)
In order to attach histidine tag at the N-terminal o f APEX1, this directional TOPO 
cloning system was used.
A 3’-overhang (GTGG) in the cloning vector invades the 5’-end o f a PCR 
product, and stabilizes the PCR product in the correct orientation.
To poisom erase
— CCCTT 
— GGGAAGT GG
CACC ATG NNN 
^ T G G  TAC NNN
NNN AAG GG—
NNN TTC CC—
~ T P C R  product
O verhang
Overhang invades double-stranded 
DNA, displacing the bottom strand.
To poisom erase
-CCCTTCACC ATG NNN 
-GGGAAGTGG TAC NNN
NNN AAG G G - 
NNN TTC C C -
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8.4. Kinetics of chemical reactions
The kinetic mechanism of chemical reactions was developed by Brown (1902), 
then Henri (1913), Michaelis and Menten (1913) (Copeland, 2000; Palmer, 1995). 
They rationalized that enzyme molecule binds to substrate molecule to form an 
enzyme-substrate complex. Some o f the complex proceeds to chemical reaction, 
and forming a product molecule. However, some o f them fall apart into enzyme 
and substrate molecules back again (See Scheme 4).
 kE + S ES  *2 >E + P
r ;
Scheme 4 The kinetic mechanism of enzymatic reaction based on the theory developed by 
Brown in 1902, L. Michaelis and M. L. Menten in 1913
At the first step, the enzyme (E) and the substrate (S) form a complex (ES). This step is 
considered to be fast and reversible. The rate constant of formation of the ES is depicted as 
k„ and of disassociation of the ES indicated as k_j. In the second step, the enzyme catalyses a 
chemical reaction with the catalytic constant, k2 forming a product (P).
According to Scheme 4, formation o f product depends on the amount o f enzyme- 
substrate complex. At low concentration o f substrate, the enzyme molecules are 
far from “saturated” even though the concentration o f substrate is excess over the 
enzyme. Until all enzyme molecules are saturated to form the enzyme-substrate 
complex, formation o f product is proportional to concentration o f substrate at 
constant enzyme concentration. From the certain level o f substrate concentration, 
i.e. high enough to saturate all enzyme molecules to form ES complex, the rate o f  
reaction depends on the chemical reaction to produce product, not the substrate
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concentration. That is, further increase o f  substrate concentration does not make 
any difference on the rate of reaction in that condition. In other words, it reaches 
the maximum initial velocity ( V m a x )  at the enzyme concentration;
V m a x  = k2 [ E S ]
Since the enzyme-substrate concentration, [ES] is equal to the total enzyme 
concentration, [Eo], the equation can be rewritten;
vmax = k2[Eo]
Henri (1913), Michaelis and Menten (1913) developed mathematical formula to 
express the kinetic mechanism (Copeland, 2000). They assume that formation of 
ES complex and breakdown o f the complex to E and S are rapid and in an 
equilibrium (See Scheme 4). The equilibrium is instantly established, and 
formation o f product from the ES complex is too slow to disturb the equilibrium. 
When you give an equation based on the assumption,
ki[E][S] = M E S ]
The constants can be separated to express another constant, Kd, the dissociation 
constant o f the ES complex.
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[gfr] . y
[EV] “  k, "
The concentration o f free enzyme, [E], should be the amount that subtracts the 
concentration o f bound enzyme, [ES], from total concentration o f enzyme, [Eo];
[E] =  [E o ]-[E S ]
([£ „ ]-[£ S j[s ]_
[£ S ]
Kd[ES] =  ([E0] - [E S ] ) [S ]
Kd[ES] =  [Eo][S] - [E S][S]
[E S][S] +  Kd[ES] =  [Eo][S]
[ES]([S] +  Kd) =  [Eo][S]
K b][e s ] =
Since the overall rate of reaction is expressed as vo = k2 [ES] under a saturation of 
enzyme;
vn = *2 b . b ]  
[s ]+ * „
and, Vmax = k2 [Eo], the above equation is rewritten as;
, _ r-bi
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This equation formed by Michaelis and Menten was further developed by Briggs 
and Haldane in 1925 (Copeland, 2000; Palmer, 1995). They introduced more 
generalized assumption on the kinetic mechanism (Scheme 4). They assumed that 
the rate o f formation o f the ES complex is equivalent to the rate o f breakdown to 
reactants and products rather than the equilibrium between reactants and ES 
complex, which requires k2 «  k_i. In this new assumption, it is said that the ES 
complex exists at steady state concentration. Under this steady-state assumption, 
the formula is changed to;
k,[E][S] = k_i[ES] + k2[ES] 
ki[E][S] = [ES](k_,+k2)
then, separating the constants to obtain another constant, K m , called Michaelis 
constant, however, when k_i »  k2, K m becomes equal to K d ;
[£ jS ’] *_,+*2 
[ E S ]  “  * ,  "
since the free [E] is the amount that subtracts the [ES] from the total enzyme, [Eo];
(KMes'DM
[ E S ]  =
[ E S ]  
[ E ^ ]
= K.
[ s ] + £ .
then, the vo = k2[ES] is applied to the above equation;
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*2[£„Is]
° = [ S] +Km
also, Vmax = k2[Eo] is put on the equation; 
v
°  [ S ] + K .
This equation of enzyme kinetics is called the Michaelis-Menten equation.
Km is interpreted as a measure o f overall breakdown o f the ES complex to 
reactants and products. The unit o f Km is molarity (same unit o f substrate) since 
the value o f Km comes from first order rate constants (k_i and k2 have units of 
reciprocal time) over second order rate constant (ki has unit o f reciprocal molarity 
and reciprocal time). If we carry out the kinetic experiment with concentration of 
substrate that equals Km value, we will see that the initial velocity will reach at 1/2 
o f Vmax. The equation is below;
v _ r-.fr] _ i y  
• _ [S]+[S]“ 2 *
In other words, Km is the substrate concentration that attains half o f the maximum 
velocity, and the substrate concentration at which half o f the enzyme molecules in 
the reaction mixture are saturated with substrates in the steady state.
Kd is the ratio o f the reverse over forward reaction rates, and is considered as a 
dissociation constant o f the ES complex. That is, Kd is a gauge o f affinity o f the
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enzyme for the substrate. It is useful quantity to compare between different 
substrates with the same enzyme. The unit o f Kd is also molarity.
The catalytic constant (or turnover number), kcat represents the rate o f chemical 
reaction that may involve multiple steps including a release o f product (see 
Scheme 5). For the multiple-complex reaction, kcat is a function o f k2 and k3. The 
kcat can be obtained by dividing the value o f Vmax by the concentration o f enzyme 
since Vmax = kcat[Eo]. The unit o f kcat is a reciprocal time.
*■ >
E + S E S -^ -+ E S '—^ -> E  + P
Scheme 5 The kinetic mechanism that involves multiple catalytic steps
The ES complex changes to the transient complex ES' with the constant, k2, and then the ES’
becomes E and P with k3.
In case o f TDG reaction, kcat cannot be obtained since TDG is not released from 
the product (see Scheme 6). That is, TDG shows a single turnover reaction.
— > k TDG + S TDG - S  *2 >T D G -P
Scheme 6 Schematic mechanism of excision of a base by thymine DNA glycosylase
S stands for substrate, and P stands for product. One molecule of TDG binds to one molecule 
of substrate, forming a complex TDG-S with the rate constant, k,. Formation of the complex 
is reversed with the rate constant, k.t. Some of the complex undergoes chemical reaction, 
cleavage of glycosydic bond of mismatched base, with the rate constant, k2. After the 
mismatched base is excised, TDG remains at the abasic site. Thus, there is no further 
reaction of the enzyme unless a releasing factor is present.
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Formation and breakdown o f TDG-S complex is rapid, and a limiting step of the 
reaction is the chemical cleavage o f the mismatched base, i.e. k2 in Scheme 6. The 
dissociation constant, Kd ( = k_i / ki) and the catalytic constant, k2 were calculated 
by measuring amount o f product formed during the initial period o f the reaction 
but in a steady state.
The specificity constant (or catalytic efficiency), kcat/Kd (or Km) is used to 
compare the efficiencies o f different enzymes, and different substrates for one 
enzyme. A high value o f kcat/Kd manes that it reacts quickly as soon as the ES 
complex is formed, then the limiting aspect o f the reaction tends to be a matter of 
collision between enzyme molecule and substrate molecule. A low value o f the 
constant becomes a close situation to the equilibrium assumption, i.e. k_i »  k2 
(Gutffeund, 1995; Palmer, 1995).
In this project, Kd, and k2 derived from the model (Scheme 6) were obtained for 
thymine and ethenocytosine substrates under a single-turnover reaction.
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